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Alcohol is associated with nearly half of all violent crimes committed in the United States; yet, a potential neural basis for this type of
pathological aggression remains elusive. Alcohol may act on N-methyl-D-aspartate receptors (NMDARSs) within cortical circuits to impede
processing and to promote aggression. Here, male mice were characterized as alcohol-heightened (AHAs) or alcohol non-heightened
aggressors (ANAs) during resident—intruder confrontations after self-administering 1.0 g/kg alcohol (6% w/v) or water. Alcohol produced a
pathological-like pattern of aggression in AHAS; these mice shifted their bites to more vulnerable locations on the body of a submissive
animal, including the anterior back and ventrum after consuming alcohol. In addition, through immunoblotting, we found that AHAs
overexpressed the NMDAR GIuN2D subunit in the prefrontal cortex (PFC) as compared to ANAs while the two phenotypes expressed
similar levels of GIuN I, GIuUN2A and GIuN2B. After identifying several behavioral and molecular characteristics that distinguish AHAs from
ANAs, we tested additional mice for their aggression following preferential antagonism of GIuN2D-containing NMDARSs. In these
experiments, groups of AHAs and ANAs self-administered 1.0 g/kg alcohol (6% w/v) or water before receiving intraperitoneal (i.p.) doses
of ketamine or memantine, or infusions of memantine directly into the prelimbic (PLmPFC) or infralimbic medial PFC (ILmPFC). Moderate
doses of IP ketamine, IP memantine, or intra-PLmPFC memantine increased aggression in AHAs, but only in the absence of alcohol. Prior
alcohol intake blocked the pro-aggressive effects of ketamine or memantine. In contrast, only memantine, administered systemically or
intra-PLmPFC, interacted with prior alcohol intake to escalate aggression in ANAs. Intra-ILmPFC memantine had no effect on aggression in
either AHAs or ANAs. In sum, this work illustrates a potential role of GIuN2D-containing NMDARs in the PLmPFC in alcohol-heightened
aggression. GIluN2D-containing NMDARs are highly expressed on cortical parvalbumin-containing intereurons, suggesting that, in a subset
of individuals, alcohol may functionally alter signal integration within cortical microcircuits to dysregulate threat reactivity and promote
aggression. This work suggests that targeting GIuUN2D-NMDARs may be of use in reducing the impact of alcohol-related violence in the

human population.

INTRODUCTION

Approximately half of all violent crimes committed in the
United States are associated with alcohol consumption
(Cherpitel, 2007). In describing aggressive individuals, two
major subtypes have been identified: proactive or ‘cold-
blooded’ aggressors tend to be manipulative and planning
and may exhibit blunted affect and low autonomic reactivity;
conversely, reactive or ‘hot-headed’ aggressors are impulsive,
hostile and more likely to have deficits in information-
processing (Giancola et al, 1996; Raine et al, 2006). Unlike
proactive aggressors, reactive, violent individuals have a high
risk of engaging in alcohol-escalated aggression (Giancola
et al, 1996; Giancola, 2000). Reduced executive functioning
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and dysregulated medial prefrontal cortical (mPFC) control
over subcortical, aggression-promoting brain regions may
render reactive male aggressors more susceptible to the pro-
aggressive effects of alcohol (Raine et al, 1998; Gan et al,
2015). Despite significant clinical research pointing to this
relationship, the underlying neural bases for dysregulated
cortical control and subsequent alcohol-escalated aggression
remain unknown. Using a mouse model, we provide
evidence to suggest that the inhibition of N-methyl-p-
aspartate receptors (NMDARs) in the mPFC may be a
mechanism by which alcohol, memantine, and ketamine
escalate aggression in the same subset of individuals.

At physiologically relevant concentrations, alcohol can
inhibit NMDAR-mediated excitatory currents (Lovinger
et al, 1989). In the mammalian central nervous system,
NMDARs are primarily comprised of two glutamate-
sensitive GluN2 subunits, occurring in subtypes GluN2A-
D, and two glycine-sensitive GIuN1 subunits (Paoletti
et al, 2013). Memantine, an NMDAR channel blocker
(ie uncompetitive antagonist) with preferential action on
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GIuN2C- or GluN2D-containing NMDARs (Parsons et al,
1999; Kotermanski and Johnson, 2009; Riebe et al, 2016), is
clinically used for the treatment of Alzheimer’s disease, and
has been proposed as a potential treatment option for alcohol
use disorders (Goodwani et al, 2017). However, preclinical
data indicate that memantine can facilitate aggressive
behavior in mice when administered either after acute
alcohol intake or during alcohol withdrawal (Newman et al,
2012; Hwa et al, 2015). Clinical evidence also suggests that
memantine may disinhibit alcohol intake in a subset of
individuals with higher baseline impulsivity (Krishnan-Sarin
et al, 2015). Low doses of ketamine, another uncompetitive
NMDAR antagonist has promising antidepressant effects
(Berman et al, 2000); yet, it can also escalate aggression in
some animals after acute (Newman et al, 2012) or chronic
treatment (Becker et al, 2003; Becker and Grecksch, 2004).

In the present work, we extend our previous findings by
first identifying a subset of outbred mice that is sensitive to
the pro-aggressive effects of alcohol, memantine and
ketamine. Memantine can reduce prefrontal cortical activity
through its preferential blockade of GluN2C- or GluN2D-
containing NMDARs expressed predominately on
parvalbumin-containing interneurons (PVIs; Jackson et al,
2004; Homayoun and Moghaddam, 2007; Nakazawa et al,
2012; Gupta et al, 2016; Sapkota et al, 2016; Povysheva and
Johnson, 2016). By reducing excitability of GABAergic PVIs
that innervate glutamatergic projection neurons, NMDAR
channel blockers can disinhibit subcortical brain areas that
may promote aggressive behaviors. In rodents, functionally
distinct subregions of the mPFC including the prelimbic
(PLmPFC) and infralimbic (ILmPFC) areas have been tied to
reward-seeking behavior and extinction conditioning, re-
spectively (Gourley and Taylor 2016). Because both aggres-
sion and alcohol can serve as potent, positive reinforcers
(Grahame and Cunningham ; Fish et al, 2002; Golden et al,
2017), the PLmPFC is a region of interest for identifying the
physiological correlates of pathological aggression following
alcohol consumption. Based on this evidence, we postulate
that a subset of outbred mice that is sensitive to the pro-
aggressive effects of alcohol, memantine and ketamine will
overexpress GluN2D in the mPFC, and that NMDAR
channel blockade within the PLmPFC will escalate their
aggressive behavior.

Here, we report that memantine, infused directly into the
PLmPFC, but not the ILmPFC escalated aggression in
alcohol-heightened aggressors (AHAs) and interacted with
ethanol to heighten aggression in animals that were normally
insensitive to the pro-aggressive effects of alcohol (ie alcohol
non-heightened aggressors; ANAs). In addition, we report
higher mPFC expression of the NMDAR GluN2D subunit in
AHAs as compared to ANAs. This molecular difference was
associated with a behaviorally distinct pattern of aggression.
Most male mice engaged in species-typical aggression,
directing their attack bites to the posterior back of a
submissive conspecific. In contrast, after consuming a
moderate dose of alcohol, AHAs attacked the more
vulnerable anterior back and ventrum of a submissive male.
This is the first evidence showing that alcohol can elicit a
pattern of pathological and maladaptive social behavior in a
subset of mice, and to suggest that this behavioral pattern
may be associated with the dysregulation of excitatory
signaling in the prelimbic mPFC.
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MATERIALS AND METHODS
Animals

Eight-week-old resident male and female Swiss-derived mice
(CFW mice; Charles River Laboratories, Wilmington, MA,
USA) were housed in breeding pairs in clear polycarbonate
cages (28x17x14cm) lined with pine shavings. Intruder
CFW males were group-housed in large polycarbonate cages
(46 x 24 x 16 cm; n=10/cage) with corn cob bedding. Mice
were cared for according to the NIH Guide for the Care and
Use of Laboratory Animals (National Research Council,
2011) and procedures were approved by the Institutional
Animal Care and Use Committee (IACUC) of Tufts
University (see Supplementary Methods and Materials).

Alcohol Self-Administration Protocol and Resident-
Intruder Aggression

Following a 1-week habituation period, residents were
restricted to 3h of daily water access, Monday-Friday, and
were trained to self-administer 1.0 g/kg of 6% EtOH (w/v),
diluted from 95% ethyl alcohol (Pharmco-AAPER; see
Supplementary Methods and Materials). Self-administration
sessions were terminated once mice consumed their final
reward, drinking a total of 1g/kg of 6% ethanol. All mice
consistently self-administered ethanol or water in under
5 min.

Males and females were housed for at least 3 weeks (ie
until the first litter was born) prior to the males’ first session
of resident-intruder aggression. Litters were consistently
weaned between post-natal days 14 and 21 to prevent
overcrowding. To screen resident males for aggression, the
female and pups were removed and an intruder male was
introduced to the resident’s home cage. Attack bites inflicted
by the resident were recorded for 5 min following the initial
attack (Miczek and O'Donnell, 1978). The session ended if
no bites occurred within 5min. Rarely, an intruder mouse
would demonstrate defensive aggression toward a resident.
In such cases, the intruder was promptly removed and
replaced with a different, non-aggressive intruder. Resident-
intruder confrontations occurred Mondays, Wednesdays,
and Fridays, and each resident was paired with a consistent,
familiar intruder. Attack bite frequencies stabilized after 6-8
interactions with <20% variability between three consecu-
tive confrontations (Figure la).

Experiment 1: Behavioral and molecular characterization
of alcohol-heightened aggressors. Resident males were
evaluated for aggression 10min after self-administering
water or EtOH. Aggressive phenotypes were determined
after six fluid self-administration and aggression assessments
which were conducted every 48 h, alternating between water
and EtOH self-administration (Figure la). Residents that
consumed alcohol and expressed an average bite frequency
that was > 2SD higher than their average baseline attack bite
frequency were characterized as AHAs (Miczek et al, 1998).
Resident males that were insensitive to alcohol’s pro-
aggressive effects were characterized as ANAs.

AHA and ANA males were used to assess phenotype-
dependent differences in attack bite topography. The initial
aggressive bout was recorded under white light using a
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Figure | Behavioral and molecular characterization of alcohol-heightened aggressors (AHAS). (a) Aggressive male residents were assessed for aggression
toward submissive intruders and characterization began after attack bite frequencies stabilized. Residents that consumed 1.0 g/kg of 6% EtOH (w/v) and
expressed an average bite frequency that was > 2 SD higher than their average baseline attack bite frequency were identified as alcohol-heightened aggressors
(AHAS; n=7); males that were not sensitive to alcohol's pro-aggressive effects were characterized as ANAs (n=8). Data are shown as group mean + SEM.
Attack bite topography of (b) ANAs and (c) AHAs was assessed after water intake and after 1.0 g/kg EtOH intake. AHAs increased the number of attacks to
the more vulnerable, anterior back after consuming alcohol as compared to ANAs. Alcohol increased the total number of bites comprising the initial bout and
bites to the ventrum. The proportion of bites to the posterior back, anterior back, ventrum and head during the initial aggressive bout are illustrated in pie
charts. The frequency of attacks to each location is tabulated below, showing average attack bites for each bite target+ SEM for ANAs and AHAs; * indicates a
main effect of alcohol; for interactions, *p <0.05 indicates statistical significance between AHAs and ANAs, and p<005 indicates statistical significance
between EtOH and H,O. Western blot analysis of NMDA receptor subunits revealed an increase in (f) GIuN2D expression in the medial prefrontal cortex
(MPFC) of AHAs compared to ANAs (n = 6-8/phenotype group; *p =0.03) while there was no difference in PFC (d) GIuN | or (e) GIuN2B. Data are shown
as group mean + SEM.

high-frame-rate digital camera (240 fps, Canon PowerShot  buffer and loaded into each lane for SDS-PAGE (6%).
ELPH 320 HS). Recordings were later analyzed frame-by-  Protein was transferred to nitrocellulose membranes (Bio-
frame to identify where each bite was inflicted on the  Rad Laboratories, Hercules, CA) which were blocked for 1h
intruder’s body: the anterior back, posterior back, ventrum, in TBS-T+5% skim milk, then incubated for an hour with
or head (Blanchard et al, 1979). The first aggressive bout was ~ primary antibodies against GluN1, GluN2A, GluN2B (BD
operationally defined as the initial flurry of bites, separated =~ Biosciences, San Jose, CA), GluN2D (Millipore, Billerica,
from the Second ﬂurry by > 10 s. Each animal was MA), or tubulin (Sigma—AldriCh, St Louis, MO) Membranes
videotaped once after water self-administration and once  Were probed with HRP-conjugated secondary antibodies and
after EtOH self-administration. visualized by Pierce ECL (ThermoFisher Scientific, Waltham,
To evaluate NMDAR subunit protein expression, separate MA) using the CCD based FujiFilm LAS 3000 system.
groups of AHA and ANA males were rapidly decapitated ~ Optical densities were quantified using the NIH Image]
1 week after their final aggressive encounter. Brains were software.
removed and washed in ice-cold 1x phosphate-buffered
saline. The PFC, hypothalamus, thalamus, striatum, and Experiment 2: Alcohol, NMDAR antagonism and aggres-
hippocampus were dissected and flash frozen in liquid  sion. AHAs and ANAs were assigned to either the
nitrogen (see Supplementary Methods and Materials).  ketamine or memantine treatment group. On test days, mice
Twenty micrograms of protein were mixed with sample  self-administered water or EtOH, and received an
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intraperitoneal (i.p.) injection of ketamine (VedCo Inc.; 0.9%
Nacl, 1.0-30.0 mg/kg) or memantine (Sigma-Aldrich; dH,O,
1.0-30.0 mg/kg) in a volume of 10 ml per kg of body weight.
Residents were injected promptly after delivery of their final
fluid reward and were tested for aggression 10 or 20 min
following ketamine or memantine administration, respec-
tively. Drug doses were given in a partially randomized order
with the highest doses given last. Each subject was tested
twice at each drug dose, once following water intake and
once after EtOH intake. After receiving all doses, blood was
collected from the residents’ submandibular vein 10 min
after EtOH (1.0 g/kg) self-administration. Samples were
centrifuged and blood plasma EtOH concentrations (BECs)
were determined using the Analox Instruments AMI
Alcohol Analyzer (Analox Instruments Ltd., UK).

Experiment 3: Alcohol, intra-mPFC NMDAR antagonism
and aggression. Following characterization, additional
resident males were prepared for memantine microinfusions
into the PLmPFC and ILmPFC (see Supplementary Methods
and Materials). On drug testing days, obdurators were
removed and mice self-administered water or EtOH. Three
minutes after receiving their final fluid reward, a 33G
microinjector (PlasticsOne) was inserted into the cannula.
Microinjectors, extending 1 or 2 mm past the tip of the guide
cannula for intra-PLmPFC or intra-ILmPFC infusions,
respectively, were connected to polyethylene tubing (In-
tramedic PE-50) attached to a CMA/100 microinjection
pump (CMA Microdialysis AB, Holliston, MA). Vehicle
(aCSF) or memantine (3.75 or 7.5 pug) was microinjected into
the mPFC in a volume of 0.3 ul at a rate of 0.1 ul/minute
while the mouse moved freely in its home cage. Memantine

+2.10

+1.98 \

+1.94 -

+1.78

Figure 2 Histological verification of cannula placements in the right
infralimbic medial prefrontal cortex (mPFC). Photomicrographs from a
representative placement verified after cresyl violet staining (right) adjacent
to atlas images with distance from bregma (Paxinos and Franklin, 2001).
Solid lines depict verified placements in the infralimbic mPFC. One alcohol
non-heightened aggressor was excluded due to a cannula placement outside
of the mPFC (dashed line). Mice received infusions of memantine first into
the right prelimbic mPFC via microinjectors projecting | mm past the end of
the cannula, and subsequently, into the right infralimbic mPFC via
microinjectors with a 2 mm projection.
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doses were selected based on published microinfusion data
(Eisenhardt et al, 2015) and a pilot study. Following the 3-
min infusion, the microinjector remained in place for 2 min
to allow the vehicle or drug solution to diffuse into the
surrounding tissue.

The intruder was introduced to the resident’s home cage
10 min after the final fluid reward (ie 2 min after micro-
injector removal). The obdurator was placed back into the
cannula after the 5-min aggressive confrontation. Each
resident received 6-8 microinjections in a counterbalanced
order into the PLmPFC via microinjectors projecting 1 mm
past the tip of the guide cannula. One week after the final
intra-PLmPFC infusion, all mice received 6-8 counter-
balanced microinjections into the ILmPFC via microinjec-
tors projecting 2mm past the cannula tip. Following
transcardial perfusion, cannula placements were verified
microscopically following cresyl violet staining (Figure 2).

For experiments 2 and 3, resident-intruder confrontations
were videotaped under red light using a JVC Everio GZ-
MG®670 and analyzed by a trained researcher (intra-observed
reliability: r> 0.95) using The Observer XT software (Noldus,
v. 9.0.436; Wageningen, the Netherlands). The frequency of
attack bites, sideways threats, and tail rattles along with the
duration of rearing, walking, grooming, and allogrooming (ie
grooming of the intruder by the resident) was coded by key
presses on a custom-made keyboard.

Statistical Analyses

The number of bites directed at the anterior back, posterior
back, ventrum, and head was calculated for AHAs and ANAs
that self-administered EtOH or water prior to aggressive
confrontations. Bite frequencies were analyzed by two-way
repeated-measures analyses of variance (two-way RM
ANOVA; fluid x phenotype) and Holm-Sidak post-hoc
comparisons were used in the case of significant interactions
or main effects.

Western blot data were normalized by dividing the
NMDAR subunit by the tubulin optical density. Two-tailed
unpaired ¢-tests compared between AHA and ANA protein
expression and were conducted for brain regions and
subunits for which there were no directional a priori
hypotheses. For the PFC, we hypothesized that AHAs would
have elevated levels of GluN2B and GluN2D expression as
compared with ANAs, warranting one-tailed t-tests.

For NMDAR antagonism studies, aggressive behaviors
including the frequency of attack bites, sideways threats, and
tail rattles as well as the duration of non-aggressive behaviors
including walking, rearing, grooming, and allogrooming
were analyzed within aggressive phenotype with two-way
RM ANOVA (fluid x drug). A square root transform of the
raw frequency or duration data was applied in cases when
parametric assumptions were not met. To identify behaviors
that were associated with alcohol-heightened or alcohol
non-heightened aggression, one-way RM ANOVA or RM
ANOVA on Ranks were conducted on vehicle data
(phenotype x fluid). Attack bite data were transformed to
percent change from vehicle baseline within the EtOH and
water conditions and two-way RM ANOVA detected
significant interactions and main effects within phenotype
(fluid x drug). In the presence of a significant interaction or
main effect, Holm-Sidak post-hoc comparisons were
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performed to detect differences between factor levels (H,O vs
EtOH; vehicle vs drug dose). Two-way ANOVA was used to
assess BECs in AHAs wvs ANAs after EtOH self-
administration. o« was set at 0.05 for all analyses.

RESULTS

Experiment 1: Behavioral and Molecular
Characterization of Alcohol-Heightened Aggressors

In a subset of mice identified as AHAs (n=7), EtOH self-
administration increased the frequency of attack bites
(EtOH: M =40.6+4.7) as compared to the frequency of
bites after water intake (H,O: M =20.5+2.3). In contrast,
ANAs (n=8) were not sensitive to the pro-aggressive effects
of 1.0g/kg of alcohol (EtOH: M=223+3.2; H,O:
M =23.2+3.5; Figure la). Slow-motion video footage was
analyzed frame-by-frame to determine the target of each
attack bite during the first aggressive bout after water or
EtOH self-administration. After consuming water, both
AHA and ANA residents showed species-typical attacks
with bites mainly directed at an intruder's posterior back
(Blanchard et al, 1979); however, after consuming 1.0 g/kg
alcohol, AHAs inflicted significantly more bites to the
anterior back (fluid x phenotype; [F(1,13) =5.04, p =0.043];
Figure 1b). Regardless of phenotype, alcohol increased the
frequency of attacks made to the ventrum [F(1,13)=12.9,
p=0.003] and the total number of bites comprising the first
aggressive bout ([F(1,13) =5.33, p=0.038]; Figure 1b and c).
BECs were not significantly different in AHAs
(M=834+6mg/dl) vs ANAs (M=280.9+6.1 mg/dl)
10 min after 1.0 g/kg EtOH self-administration.

Unpaired one-tailed t-test revealed elevated levels of
GluN2D in the prefrontal cortex (PFC) of AHAs as
compared to ANAs ([#(10) =2.07, p=0.03]; Figure 1f). There
were no significant differences between AHA and ANA
expression of GIuN1 or GluN2B in the striatum, hippocam-
pus, PFC (Figure 1d and e), hypothalamus or thalamus or of
GIuN2D in the striatum, hippocampus, or hypothalamus
(Supplementary Table S1). Likewise, there were no signifi-
cant differences between AHA and ANA expression of
GluN2A in the striatum, hippocampus, or PFC
(Supplementary Table S1).

Experiments 2 and 3: Effects of NMDAR Channel
Blockers in Alcohol-Heightened and Alcohol Non-
Heightened Aggressors

Alcohol-heightened aggressors: Low doses of ketamine and
memantine escalate aggression. Compared to vehicle, low
doses of ketamine (3-10 mg/kg) produced a twofold increase
in attack bites inflicted by AHAs. In contrast, the highest
dose of ketamine (30 mg/kg) had an anti-aggressive effect
(drug: [F(5,45)=13.74, p<0.001]; Figure 3a). Consuming
1.0 g/kg EtOH blocked the pro-aggressive effect of low-dose
ketamine without altering the serenic effect of the higher
dose (fluid: [F(1,9)=42.43, p<0.001]; fluidxdrug: [F
(5,45)=3.58, p=0.008]; Figure 3a). Ketamine (30 mg/kg)
reduced the frequency of attack bites [(F(5,45)=16.36,
p<0.001], sideways threats [F(5,45)=6.29, p<0.001], and
tail rattles [F(5,45)=16.81, p<0.001] without reducing the
duration of walking, rearing, self-grooming or allogrooming,
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suggesting that, in the subanesthetic range, a higher dose
of ketamine can have a selective, anti-aggressive effect
(Supplementary Table S2). Ketamine (30 mg/kg) increased
the duration of rearing after EtOH compared to water intake,
though this behavior was often uncoordinated [F
(5,45) =3.40, p=0.011].

Like ketamine, memantine (1-10mg/kg) doubled the
number of attack bites as compared to species-typical
baseline levels (drug: [F(4,28) =7.29, p<0.001]; Figure 3c).
This pro-aggressive effect was blocked by alcohol self-
administration (fluid: [F(1,7) =12.37, p=0.01]; fluid x drug:
[F(4,28)=3.12, p=0.031]; Figure 3c). In the absence of
alcohol, low-dose memantine increased attack bites [F
(4,28)=4.45, p=0.007] and sideways threats [F
(4,28) =2.98, p=0.036] while reducing the duration of self-
grooming [F(4,28) =2.87, p=0.041] (Supplementary Table
S$3). In contrast, the highest dose of memantine (30.0 mg/kg)
reduced the number of attack bites [F(4,28)=9.23,
p<0.001], sideways threats [F(4,28)=6.30, p<0.001], tail
rattles [F(4,28) =9.82, p<0.001], and the duration of self-
grooming [F(4,28) =8.40, p<0.001], while increasing allo-
grooming ([F(4,28) =4.49, p=0.006]; Supplementary Table
S3).

When injected directly into the PLmPFC, memantine
engendered a twofold escalation from baseline levels of
aggression; this enhancement was absent when alcohol
intake preceded memantine microinfusion (fluid x drug: [F
(2, 12)=4.85, p=0.029]; fluid: [F(1,6)=27.20, p=0.002];
drug: [F(2,12)=4.72, p=0.031]; Figure 4a). In AHAs,
memantine in the absence of alcohol increased the frequency
of attacks [F(2,12) =5.45, p=0.021], and produced a trend
toward increased sideways threats (p=0.054) without
affecting the frequency of tail rattles, or the duration of
walking, rearing, grooming, or allogrooming (Supplementary
Table S4). In contrast, when infused into the ILmPFC,
memantine had no detectable effect on aggressive or non-
aggressive behaviors (Figure 4c, Supplementary Table S5).

Following vehicle treatment, AHAs had significantly
higher attack bite frequencies after alcohol as compared to
water intake, indicating that the aggressive phenotype
remained consistent throughout systemic ketamine
([*(1) =10.0], p=0.002]; Figure 3a) and systemic meman-
tine ([F(1,7)=15.26, p=0.006]; Figure 3c), intra-PLmPFC
memantine ([y*(1)=7.0, p=0.016]; Figure 4a) and intra-IL
memantine ([F(1,6)=8.79, p=0.025]; Figure 4c) behavioral
pharmacology experiments. All randomized memantine
microinfusion doses were administered into the PLmPFC
first, and then into the ILmPFC. Analyses of vehicle attack
bite data with microinfusion order as a covariate revealed no
interaction between fluid consumed (EtOH vs H2O) or
injection site (PLmPFC vs ILmPFC) and order. This
indicates that the initial 6-8 infusions into the PLmPFC
did not disrupt alcohol-heightened aggression during the
subsequent 6-8 aggressive encounters preceded by intra-
ILmPEFC infusions, and that aggression was similar following
intra-PLmPFC (M =16.59 + 8.44) and intra-ILmPFC (M=
16.07 +6.59) vehicle infusions. Compared to water, alcohol
also elicited a greater number of sideways threats in vehicle-
treated AHAs during ketamine [/*(1)=6.4, p=0.021] and
memantine (ip.;[F(1,7) =18.90, p=0.003]; PLmPFC: [F
(1,6)=7.80, p=0.031]) experiments (Supplementary Tables
S2-S4).
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Figure 3 Aggression after alcohol or water intake and systemic NMDAR antagonist treatments. (a—d) Bar graphs depict baseline attack bite frequencies after
1.0 g/kg alcohol or water self-administration and vehicle injections. Alcohol-heightened aggressors (AHAs; left panels) attacked a submissive intruder more
frequently after receiving a vehicle injection and consuming alcohol compared to water. Scatter plots display the percent change from baseline attack bite
frequencies. In AHAs, low doses of (a) ketamine (n=10) or (c) memantine (n=8) escalated aggression; prior alcohol self-administration blocked these pro-
aggressive effects. In alcohol non-heightened aggressors (ANAs; right panels), (b) ketamine (n = 12) reduced aggression while (d) memantine (n=9) had a pro-
aggressive effect when administered after alcohol self-administration. Higher doses of memantine and ketamine reduced aggression in (a,c) AHAs and (b,d)
ANAs. Data are shown as mean + SEM; *p <005, **p< 00! indicate statistical significance between vehicle and drug dose; #p<0.05, *#p <001 indicate

statistical significance between H,O and EtOH.

Alcohol non-heightened aggressors: Divergent effects of
ketamine and memantine. In ANAs, low-dose ketamine
(3.0 mg/kg) diminished aggression. This effect was absent
when alcohol intake preceded ketamine administration
(fluid x drug: [F(5,55)=3.58, p=0.007]; Figure 3b). As in
the AHAsS, the highest dose of ketamine (30 mg/kg) reduced
attack bites [F(5,55)=30.45, p<0.001], sideways threats [F
(5,55) =21.62, p<0.001], and tail rattles [F(5,55)=7.85,
p<0.001] in ANAs. Though drug administration did not
reduce walking, rearing, or allogrooming, the highest dose of
ketamine (30 mg/kg) decreased the amount of time that
ANAs spent self-grooming ([F(5,55) =4.34, p=0.002];
Supplementary Table S2). Rodents may self-groom in order
to thermoregulate (Spruijt et al, 1992); therefore, reduced
self-grooming may reflect a more stable body temperature
due to diminished aggression.

Reduced self-grooming was accompanied by an increase
in allogrooming after ANAs received the highest dose of
ketamine (30 mg/kg; drug: [F(5,55)=8.02, p<0.001];
Supplementary Table S2), indicating that, rather than
inducing social avoidance, ketamine may increase the
duration of time spent in pro-social interactions while
decreasing agonistic behaviors. In addition, alcohol appears
to shift the ketamine dose-effect curve leftward for
allogrooming. Consuming alcohol prior to ketamine
(17.0 mg/kg) increased the duration of allogrooming,

producing durations similar to those observed after high-
dose ketamine in the absence of alcohol (fluid x drug: [F
(5,55) =2.94, p=0.02]; Supplementary Table S2). As ob-
served previously (Newman et al, 2012), ketamine (17.0 mg/
kg) can increase walking [F(5,55) =2.71, p=0.03]; however,
this effect was not apparent at doses that reduced aggression,
suggesting a specific serenic effect of high-dose ketamine
(30 mg/kg).

Alcohol intake, followed by memantine treatment (3-
10 mg/kg, i.p.) escalated the percent of baseline aggressive
attacks by ANAs (fluid x drug: [F(4,32) =3.06, p=0.031];
fluid: [F(1,8)=1049, p=0.012]; drug [F(4,32)=7.69,
p<0.001]; Figure 3d). Likewise, alcohol and low-dose
memantine interacted to increase attack Dbites [F
(4,32)=2.99, p=0.033] and sideways threats [F(4,
32)=5.36, p=0.002] (Supplementary Table S3). Like keta-
mine, a moderate dose of memantine increased walking in
ANAs [F(4,32)=2.78, p=0.044]. In contrast, high-dose
memantine (30.0 mg/kg) significantly reduced attack bites
[F(4,32)=11.92, p<0.001], tail rattles [F(4,32)=18.21,
p<0.001], and self-grooming [F(4,32)=9.82, p<0.001],
while increasing allogrooming [F(4,32) =5.76, p=0.001]
(Supplementary Table S3).

Infused directly into the PLmPFC of ANAs, memantine
(3.75, 7.5 nug) interacted with alcohol to escalate aggression
compared to Dbaseline (fluidxdrug: [F(2,16)=7.49,
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Figure 4 Aggression after alcohol or water intake and intra-infralimbic or prelimbic mPFC memantine. Mice received intra-prelimbic (PLmPFC) and intra-
infralimbic (ILmPFC) medial prefrontal cortical infusions of memantine after water or 1.0 g/kg alcohol self-administration. (a—d) Bar graphs depict baseline
attack bite frequencies after alcohol or water self-administration and vehicle injections; scatter plots display the percent change from these baseline frequencies.
Alcohol-heightened aggressors (AHAs; n=7; left panels) attacked a submissive intruder more frequently after receiving aCSF and consuming alcohol
compared to water. In AHAs, memantine infused into the (a) PLmPFC, but not the (c) ILmPFC, escalated aggression. The pro-aggressive effect of intra-
PLmPFC memantine was prevented when infusions were preceded by alcohol self-administration. In alcohol non-heightened aggressors (ANAs; n=9; right
panels), (b) intra-PLmPFC memantine increased aggression when administered after alcohol consumption while (d) intra-ILmPFC memantine reduced the
number of attack bites compared to baseline. Data are shown as mean = SEM; *p <0.05, **p <0.0| indicate statistical significance between vehicle and drug
dose; #p<0.05, ##p <001 indicate statistical significance between H,O and EtOH.

p=0.005]; fluid: [F(1,8) =56.25, p<0.001]; Figure 4b). Like-
wise, memantine escalated the frequency of attack bites after
alcohol (fluid x drug: [F(2,16)=7.55, p=0.005]; fluid: [F
(1,8) =5.58, p=0.046]), and produced a trend of increased
sideways threats (p=0.06) (Supplementary Table S4). This
increase in attack bite frequency occurred in the absence of
any significant changes in locomotor behavior, self-
grooming or allogrooming. In contrast, intra-ILmPFC,
memantine (3.75pg) reduced aggression after water or
alcohol intake while the higher dose only reduced aggression
following water consumption (fluid x drug: [F(2,16) =3.65,
p=0.049]; drug: [F(2,16) =5.62, p =0.014]; Figure 4d). Intra-
ILmPFC memantine also reduced attack bites [F(2,16) = 8.98,
p=0.002], sideways threats [F(2,16)=9.59, p=0.002], tail
rattles [F(2,16) =4.3, p=0.032] and walking [F(2,16) =9.99,
p=0.002] (Supplementary Table S5). Analyses of vehicle
attack bite data conducted with order of infusion as a
covariate revealed no significant interaction between fluid
(EtOH vs H,O) or injection site (PLmPFC vs ILmPFC) and
order, indicating that aggression following randomized
vehicle infusions into the PLmPFC (M =16.83+7.88) did
not affect later aggression preceded by randomized vehicle
infusions into the ILmPFC (M =16.94 + 6.57).
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DISCUSSION

Though most people who consume alcohol do not become
violent, a subset of individuals is prone to the pro-aggressive
effects of moderate doses of alcohol. We identified a similar
subset of mice, and characterized their aggression using
qualitative and quantitative techniques (Blanchard et al,
1979; Miczek et al, 1998). These AHAs attacked a submissive
intruder more frequently and with more potentially injurious
bites after drinking alcohol. While alcohol increased the
amount of aggression during the first bout regardless of
phenotype, only AHAs accumulated a greater number of
total bites during a complete, 5-min encounter, suggesting
that AHAs may exhibit pathological persistence in their
aggressive behavior after consuming alcohol. Conversely,
aggression preceded by water intake was maintained at a
species-typical level in AHAs.

Because alcohol can block NMDAR-mediated excitatory
currents (Lovinger et al, 1989), we hypothesized that altered
NMDAR function or expression may promote alcohol-
heightened aggression. To address this, aggressive males
consumed water or alcohol (1.0 g/kg) and were injected with
an uncompetitive NMDAR antagonist before encountering a
submissive intruder. This revealed a phenotype-dependent
effect, with AHAs showing considerably more aggression



following water intake and treatment with low-to-moderate
doses of memantine or ketamine and reduced aggression
when memantine or ketamine treatment was preceded by
alcohol intake. This suggests that, at moderate doses,
memantine and ketamine may compete with alcohol for a
site of action on the NMDAR, and that this site could serve
as a molecular basis for alcohol-heightened aggression.

The behavioral effects of systemically administered mem-
antine and ketamine were dependent on aggressive pheno-
type. Interestingly, ketamine, but not memantine, can
disinhibit brain-derived neurotrophic factor (BDNF) synth-
esis (Gideons et al, 2014). In humans, mutations in the
BDNF gene have been associated with reduced BDNF
signaling and increased impulsive aggression (Wagner
et al, 2010) while a BDNF knockdown in mice escalates
alcohol drinking, increases agonistic behavior, and reduces
5-HT 4 receptor functioning (Lyons et al, 1999; Hensler et al,
2003; Maynard et al, 2016). Because AHAs have reduced 5-
HT;» mRNA expression in the mPFC (Chiavegatto et al,
2010), future work must investigate whether these mice also
have deficits in BDNF or its receptor, tropomyocin receptor
kinase B (TrkB; Adachi et al, 2017). The pro-aggressive effect
of ketamine observed in AHAs, but not in ANAs, may reflect
dysregulated BDNF/TrkB or 5-HT/5-HT, 4 signaling in this
subset of mice.

Memantine preferentially acts on GluN2C- or GluN2D-
containing NMDARs and diminishes prefrontal cortical
activity in rats, prompting our hypothesis that AHAs would
express higher levels of GluN2D in the PFC as compared
with ANAs (Monyer et al, 1994; Standaert et al, 1996; Sekar
et al, 2013; Riebe et al, 2016; Sapkota et al, 2016). Protein
quantification supported this hypothesis and identified
overexpression of GluN2D in the PFC of AHAs without
increased GIuN1, suggesting a greater proportion of
GluN2D-containing receptors rather than an overall increase
in NMDARs. Despite the apparent role for GluN2B in
ethanol’s antagonism of NMDAR-mediated currents (Fink
and Gothert, 1996; Wills et al, 2012), we did not find any
differences in GluN2B expression in AHAs vs ANAs.
However, we must note that, due to the correlational nature
of our western blotting data, GluN2D overexpression could
either be a result of alcohol-heightened aggression or a
molecular phenotype predictive of alcohol-heightened
aggression.

To determine if systemic memantine treatments escalated
aggression by acting on prefrontal cortical receptor popula-
tions, we infused memantine directly into the prefrontal
cortex. Mirroring our findings with systemic administration,
infusions of memantine into the PLmPFC, but not the
ILmPFC escalated aggression in AHAs. By blocking
GluN2D-containing NMDARs expressed on cortical PVIs,
memantine may disinhibit mPFC pyramidal cells to promote
glutamate release in subcortical brain areas (Jackson et al,
2004; Homayoun and Moghaddam, 2007; Gupta et al, 2016;
Sapkota et al, 2016; Povysheva and Johnson, 2016). A subset
of layer V prelimbic neurons innervates GABAergic inter-
neurons in the dorsal raphé nucleus (DRN) that synapse
onto serotonergic (5-HTergic) cells to modulate 5-HT output
(Celada et al, 2001; Vertes, 2004; Challis and Berton, 2015).
Memantine, infused directly into the PLmPFC, could
disinhibit excitatory cells that innervate local inhibitory
neurons in the DRN; a resultant reduction in 5-HT release
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could promote heightened aggression, specifically in AHAs
(Davidson et al, 2000; Shearman et al, 2006; Heinz et al,
2011). To further characterize the functional implications of
intra-mPFC GluN2D NMDAR overexpression in AHAs,
immunohistochemistry experiments should focus on cell
type specific receptor expression.

PV-interneuron dysfunction has been suggested in dis-
orders that are commonly associated with social deficits and
aggression, including autism spectrum disorder and schizo-
phrenia (Saunders et al, 2013; Matson and Adams, 2014;
Bicks et al, 2015; Thelin et al, 2017). In vivo, inclusion of the
GIuN2D subunit in NMDARs confers a weak Mg+ block and
slow deactivation (Monyer et al, 1994). In combination with
their extrasynaptic expression pattern, these features suggest
that GluN2D-containing NMDARs play a vital role in
detecting glutamate spillover and in engaging negative
feedback to reduce glutamatergic transmission by pyramidal
neurons (Perszyk et al, 2016; Povysheva and Johnson, 2016;
Riebe et al, 2016; Dubois et al, 2016). In mice, NMDAR
channel blockade can increase pyramidal cell firing rate and
decrease delta network oscillations, suggesting long-distance
desynchronization of thalamocortical inputs (Kargieman
et al, 2007). Thus, memantine and ketamine may disrupt
the integration of sensory inputs by mPFC microcircuits to
compromise signaling of non-threatening stimuli and
facilitate aggressive responding (Davidson et al, 2000).

Alcohol, memantine, and ketamine all have biphasic dose-
effect curves, and because each of these compounds has
effects on NMDARs, drug combinations appear to have
complex additive effects on aggressive and non-aggressive
behaviors. In addition, these curves appear phenotype-
dependent, meaning that AHAs and ANAs have varying
sensitivities to these drugs and to the interactions between
them. We postulate that overexpression of GluN2D-
NMDARs in AHAs might provide memantine with a greater
proportion of preferred sites of action on parvalbumin
interneurons. This increase in cell-type-specific sites could
augment memantine’s capacity to inhibit parvalbumin
interneurons and, consequently, to disinhibit the pyramidal
cells that are innervated by these interneurons. Alcohol,
ketamine, and memantine may each independently increase
aggression in AHAs by producing functionally similar effects
on parvalbumin interneurons, perhaps through inhibition of
GluN2D-NMDAR-mediated currents. If so, alcohol pre-
treatment may encourage ketamine or memantine either to
act on non-preferred GIuN2A- or GluN2B-NMDARs
localized on interneurons and pyramidal cells or to act on
off-target sites such as dopamine or nicotinic acetylcholine
receptors (Aracava et al, 2005; Seeman et al, 2008). When
NMDAR channel blockers are administered to AHAs
following alcohol intake, their non-specific inhibition of
NMDARs on interneurons and pyramidal cells could
promote excitation/inhibition balance to prevent escalated
aggression. We also observed that high doses of ketamine or
memantine reduced aggression without reducing walking,
rearing or allogrooming. This behaviorally specific, anti-
aggressive effect may similarly result from antagonism of
NMDARs in a non-cell-type-specific fashion or through off-
target effects.

To understand the mechanisms underlying the observed
interactions between alcohol and NMDAR channel blockers,
future electrophysiology experiments must examine alcohol’s
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effects on PVIs in the presence and absence of memantine or
ketamine in PFC slices from AHAs and ANAs. In behaving
animals, short hairpin RNA used to knock down GluN2D in
the mPFC could be used in conjunction with in vivo
electrophysiology to establish the precise role of GluN2D-
NMDARSs in the disinhibition of pyramidal cells and in the
escalation of aggression.

In the present work, we identified a subset of outbred mice
that became highly aggressive after drinking a moderate dose
of alcohol. These AHAs were distinguished from ANAs in
that: (1) AHAs escalated both the number and the severity of
their attacks toward a submissive intruder after consuming
alcohol; (2) AHAs overexpressed the NMDAR subunit,
GIuN2D, in the PFC; and (3) AHAs were sensitive to the
pro-aggressive effects of self-administered alcohol, systemi-
cally administered ketamine and memantine, and meman-
tine that was infused directly into the PLmPFC. These
findings suggest that alcohol-heightened aggression may
involve dysregulated glutamatergic signaling via GluN2D-
containing NMDARs expressed on interneurons in the
mPFC of AHAs. In these mice, alcohol or NMDAR channel
blockers may impede effective signal integration within the
PFC and may functionally disinhibit signaling to subcortical,
aggression-promoting brain regions. Recently developed,
positive allosteric modulators that preferentially act on
GIuN2C- or GluN2D-containing NMDARs must be tested
for their ability to reduce or block alcohol-heightened
aggression in mice (Mullasseril et al, 2010; Perszyk et al,
2016). Such compounds will provide further insight into the
mechanisms underlying alcohol-heightened aggression and
may be of use in reducing the impact of alcohol-related
violence in the human population.
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