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Abstract

Background—Escalated aggression is a behavioral sign of numerous psychiatric disorders
characterized by a loss of control. The neurobiology underlying escalated aggression is unknown
and is particularly understudied in females. Research in our laboratory demonstrated that repeated
aggressive experience in female hamsters resulted in an escalated response to future aggressive
encounters and an increase in dendritic spine density on NAc neurons. We hypothesized that the
activation of group | metabotropic glutamate receptors signaling though the Fragile X Mental
Retardation Protein (FMRP) pathway may underlie synaptic plasticity associated with aggression
escalation.

Methods—Female hamsters were given 5 daily aggression tests with or without prior treatment
with the mGIuR5 antagonist MPEP. Following aggression testing, mRNA expression and protein
levels were measured in the nucleus accumbens for PSD-95 and SAPAP-3, as well as the levels of
phosphorylated FMRP.

Results—Experience-dependent escalation of aggression in female hamsters depends on
activation of mGIuR5 receptors. Furthermore, aggressive experience decreases phosphorylation of
FMRP in the NAc which is coupled to a long-term increase in the expression of the synaptic
scaffolding proteins, PSD-95 and SAPAP-3. Finally, the experience-dependent increase in PSD-95
is prevented by antagonism of the mGIuRS5 receptor.

Conclusions—Activation of the FMRP pathway by group | metabotropic glutamate receptors is
involved in regulating synaptic plasticity following aggressive experience. The NAc is a novel
target for preclinical studies of the treatment of escalated aggression, with the added benefit that
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emerging therapeutic approaches are likely to be effective in treating pathological aggression in
both females and males.
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Background

Aggression is a part of many species’ normal repertoire of social behaviors and has enduring
consequences in the life of an individual. While aggressive behavior typically serves an
adaptive function, it can become maladaptive if it escalates into inappropriate displays of
violence [1]. Indeed, aggressive outbursts that result in harm to an individual or the people
around them are a major problem in mental health and criminal justice settings [2]. Research
on aggression and violence has consistently recognized two subtypes of aggressive behavior:
impulsive and pre-meditated [3]. Unlike the purposeful and controlled aggression seen in the
pre-mediated type, impulsive aggression is typically described as an escalated aggressive
response characterized by a loss of behavioral control or, in layman’s terms, a “short fuse”.
Impulsive aggression presents as a symptom of numerous psychiatric disorders as well as
without comorbid psychopathology [4]. The neurobiology underlying this inappropriate
expression of aggression is poorly understood, and there are no medications currently
approved by the FDA specifically for treating impulsive or escalated aggression [5].

Behavioral and neurobiological analyses of aggression in animals have contributed
significantly to the understanding of the neural control of aggression and have identified
several corticolimbic structures as possible targets for therapeutic interventions [6]. The
nucleus accumbens (NAC) in particular has been suggested as a regulator of the reinforcing
effects of aggression that make the behavior more likely to persist in the future. Studies in
rats and mice have convincingly demonstrated a role for the NAc in regulating the
rewarding consequences of male aggressive behavior [7-9] and suggest that aggressive
experience leads to plasticity in the NAc that may mediate behavioral changes associated
with repeated aggressive experiences [10]. These studies, however, more closely model the
pre-meditated rather than the impulsive type of aggression. In addition, like the vast majority
of animal studies on aggression, these experiments were conducted only in males despite the
obvious fact that intense aggression occurs in females of many species, including humans
(see [11] for review). Using Syrian hamsters as our animal model, we have studied the
neurobiology of aggression in females. In female hamsters, repeated aggressive experience
leads to an escalated aggressive response to future encounters that is primarily manifested as
a decrease in attack latency across repeated trials [12], modeling the short fuse seen in
impulsive aggressive behavior. Escalated aggression in female hamsters is also coupled with
an increase in mature dendritic spines on medium spiny neurons of the NAc core [12]. This
structural plasticity in the NAc presumably represents an increase in excitatory inputs [13]
that could mediate a heightened response to future activation [14]. The intracellular
signaling events leading to this structural plasticity, however, remain unknown.

We tested the novel hypothesis that the Fragile X Mental Retardation Protein (FMRP)
signaling pathway mediates structural changes in the NAc following aggressive experience,
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forming the neural basis for impulsive aggression. FMRP was first characterized in the
context of Fragile X syndrome, in which the FMR1 gene is silenced, resulting in the loss of
FMRP [15, 16]. Symptoms of the disorder include intellectual disability, autism, as well as
heightened aggression [17]. In healthy neurons, however, FMRP is thought to be a key
regulator of long-term plasticity via local translation of synaptic proteins in dendritic spines
[18]. Specifically, phosphorylation of FMRP inhibits translation, whereas dephosphorylation
of FMRP upregulates translation [19, 20]. Changes in FMRP phosphorylation are correlated
with increased expression of PSD-95 and SAPAP-3 [21], which regulate the dynamics of
dendritic spines and link postsynaptic receptors with their downstream signaling proteins
[22]. In addition, the translation of multiple downstream targets of FMRP is regulated by
group | metabotropic glutamate receptors [23, 24]. We predicted that repeated aggressive
experience in females would activate group | metabotropic glutamate receptors and decrease
FMRP phosphorylation, leading to an increase in synaptic scaffold proteins. Furthermore,
we predicted that blocking mGIuR5 receptors would prevent the behavioral and neural
plasticity associated with escalated aggression. To begin to assess potential commonalities
between females and males, we also preliminarily examined behavioral and neural plasticity
following aggressive experience in male hamsters (see Supplementary Information). Here
we report these findings as a model for the neural regulation of escalated aggression and
suggest mGIuR5 activation of the FMRP signaling pathway as a novel target for therapeutic
interventions that could be effective in treating impulsive aggression in both females and
males.

Materials and Methods

Animals

Adult female and male Syrian hamsters (Mesocricetus auratus) were purchased from
Charles River Laboratories (Wilmington, MA, USA) at approximately 60 days of age.
Subject females were housed individually while intruder males were pair-housed in
polycarbonate cages (females: 50.8 x 40.6 x 20.3 cm; males: 43.2 x 22.9 x 20.3 cm). These
housing arrangements maximize aggression in female subjects, while decreasing aggression
in male intruders [25-27]. All animals were maintained on a reversed 14 h light/10 h dark
photoperiod (lights off at 1300 h) and all behavioral testing occurred during the dark phase.
The animal room was maintained at a controlled temperature of 22° C and food and water
were available ad libitum. All animal procedures were carried out in accordance with the
National Institutes of Health Guide for the Care and Use of Laboratory Animals (NIH
Publications No. 80-23; revised 2011) and approved by the University of Minnesota
Institutional Animal Care and Use Committee.

Ovariectomy

To maximize aggressive behavior in females, circulating estradiol levels were maintained at
low levels via bilateral ovariectomy [27]. Surgery was conducted under sodium
pentobarbital anesthesia (Nembutal; 8.5 mg/100 g body weight, i.p.). Analgesic (Torbugesic,
10 mg, s.c. Fort Dodge Animal Health, Overland Park, KS) and antibiotic (Baytril 2.27%
solution, 0.1 ml s.c., Bayer, Shawnee Mission, KS, USA) were administered several hours
post-surgery and for the following 3 days.
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Behavioral Testing

An adult male stimulus hamster was placed into a female subject’s home cage for 5 min on
each of 5 consecutive days. In our prior experience with female hamster aggression, this test
duration is sufficient to generate measureable levels of aggression without injuring the
intruder male. Each session was video recorded and later scored for the latency to the
subject’s first attack and the total number of attacks. Attacks were operationally defined as
the subject biting, or clearly attempting to bite, the intruder male. Intruder males (n = 24)
were used at most every other day and on each test individual females were paired with a
different male to minimize the likelihood that submission by the male would influence the
behavior of the females [28]. In fact, the greatest change in attack latency occurred between
tests 1 and 2 (Figure 1) in which all males were previously untested, meaning that
submission by the males was not the basis for the change in attack latency by the females.
Control groups of ovariectomized females remained in their home cages for the duration of
the experiment and did not receive aggressive experience.

MPEP injections

Thirty min prior to each behavioral test, subjects (n = 12) received an injection of the
mGIuR5 antagonist, 2-methyl-6-(phenylethynyl)-pyridine (MPEP, 1 mg/kg body weight,
i.p., Tocris Bioscience, Minneapolis, MN, USA), or a 0.9% saline vehicle control (n = 12).
This low dose of MPEP used in this study was chosen based on its efficacy in antagonizing
dendritic spine formation in prior studies [29]. A control group of females received daily
injections of either MPEP (n = 6) or vehicle (n = 6) and remained in their home cages for the
duration of the experiment.

Tissue Punches

gPCR

One or 3 wks following the fifth aggression test, females were given an overdose of sodium
pentobarbital (Beuthanasia-D, 0.25 ml i.p./animal, Schering, Union, NJ, USA) and
sacrificed by rapid decapitation. Coronal sections containing the NAc and caudate putamen
(CP) were taken and bilateral tissue punches (1-mm diameter) were immediately collected
from each area. NAc punches included the anterior commissure to bias the punches toward
the NAc core, where we found increases in dendritic spine density following aggressive
experience [12]. Dorsal medial CP punches were taken to evaluate the regional specificity of
the biochemical changes within the striatum following aggressive experience. For each brain
area, punches from one hemisphere were stored in RNA-later (Quiagen, Valencia, CA,
USA) for gPCR analysis of Psd-95, Sapap-3, and Fmr1, and punches from the opposite
hemisphere were flash-frozen for Western blotting. To capture rapid changes in the
phosphorylation state of the FMRP protein, separate groups of female hamsters (n = 8) were
decapitated without anesthesia 5, 15, or 60 min after the last aggression test and compared
with groups of control females (n = 8) sacrificed at the same time. Bilateral tissue punches
were immediately collected from the NAc and CP and flash-frozen for Western blotting.

Tissue samples were homogenized and RNA was extracted using an RNAeasy Mini Kit
(Quiagen) and reverse transcribed using a Transcriptor First-Strand cDNA Synthesis kit
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(Roche Diagnostics, Indianapolis, Indiana, USA). Because the sequences for many of our
genes of interest are unknown for the Syrian hamster, primers were designed using known
sequences from the rat or mouse (rat Psd-95 Forward: 5-GAA-CAC-ATA-TGA-CGT-
TGT-GTA-CCT-AAA-3/, Reverse: 5-TCC-AGG-TGC-TGA-GAA-TAC-GA-3; mouse
Sapap-3 Forward: 3'-GGC-CAA-CAG-CTG-GAA-ACT-C-3, Reverse: 5-GCG-AGG-
GCT-TCT-TTG-GTA-T-3; rat Fmr1 Forward 5-CGC-GGT-CCT-GGA-TAT-ACT-TC-3/,
Reverse: 5-TGG-AGC-TAA-TGA-CCA-ATC-ACT-G-3).

gPCR amplifications were performed on a LightCycler 480 Il (Roche Diagnostics) using the
Universal ProbeLibrary Master Mix and probes (Roche Diagnostics). PCR for individual
cDNA samples were performed in triplicate. Threshold values were calculated using the
second derivative max method (LightCycle 480 software version 1.5) and standardized to
the housekeeping gene Gapdh (primers designed from Syrian hamster sequence: Forward:
5-GTC-TAC-TGG-CGT-CTT-CAC-CAC-3, Reverse: 5-ATG-ACC-CTC-TTG-GCT-
CCA-C-3, GenBank Accession ABD77188.1). The thermal cycling program used a pre-
incubation step at 95°C for 5 min, followed by 45 cycles consisting of a 10 sec denaturing
step at 95°C, an annealing step for 10 sec at 60°C, and an extension step for 10 sec at 72°C.
At the end of each cycling program, a measurement of fluorescent intensity was taken and a
melting curve was generated. PCR products were sequenced using Sanger Sequencing to
confirm amplification of genes of interest. A search using a nucleotide basic local alignment
search tool (BLAST, NCBI) revealed that product sequences matched known rat or mouse
target sequences with a high degree of homology (Psd-95 97% homology, Sapap-3 92%
homology, hamster Gapdh 100% homology) and did not match with other known sequences
(no other matches above 50% homology).

Western Blotting

Tissue samples were homogenized in 1% SDS processing buffer and protein was quantified
using the Bio-Rad protein DC assay (Bio-Rad Laboratories, Berkeley, CA, USA). Forty ug
of total protein was loaded onto a 12-15% polyacylamide gradient gel (Mini-PROTEAN
TGX Precast Mini Gel, Bio-Rad Laboratories) and transferred to a nitrocellulose membrane.
Membranes were blocked in 5% non-fat dried milk or BSA (phospho-FMRP) in TBS,
incubated overnight in primary antibodies against PSD-95 (1:1,000; Cell Signaling, Beverly,
MA, USA), SAPAP-3 (1:500, ProteinTech, Chicago, IL, USA), FMRP (1:500, Millipore,
Billerica, MA, USA), phospho-FMRP (1:1,000; Abcam, Cambridge, MA, USA), and
GAPDH (1:30,000; Millipore) diluted in TBS + 0.1% Tween 20 (Sigma-Aldrich, St. Louis,
MO, USA). The following day, membranes were incubated for 1 hr in the appropriate
secondary antibodies (1:20,000; Li-Cor Biosciences, Lincoln, NE, USA) and then imaged
using the Odyssey imaging system (LiCor Biosciences).

Statistical Analysis

Repeated measures ANOVAs with Newman-Keuls post-hoc tests were used to detect
significant differences in aggressive behaviors between groups and across testing days, p <
0.05. For gene and protein analyses, significant differences in group means were detected
using one-way ANOVAS or t-tests with Bonferroni corrections, p < 0.05.
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Escalation of aggressive behavior depends on mGIuR5

Repeated aggressive experience resulted in a significant decrease in attack latency across
time in control vehicle-treated subjects (F(4, 44) = 8.348, p < 0.0001). Newman-Keuls post-
hoc tests indicated a significant decrease in attack latency on day 2, 3, 4, and 5 (all p< 0.01,
Figure 1A). Interestingly, this escalation of aggression was independent of aggression
intensity, as the total number of attacks did not differ across testing days (Figure 1B).
Likewise, in a separate experiment (see supplementary methods), we found that repeated
aggressive experience also resulted in the escalation of aggression in male hamsters
(supplementary Figure S1).

To test the hypothesis that the effect of experience on aggressive behavior is mediated by
mGIuR5 receptors, female subjects were treated with MPEP prior to each aggression test. In
contrast to vehicle-treated females, females treated with MPEP did not demonstrate a
systematic decrease in attack latency (Figure 1A). Blocking mGIuRS5 receptors did not
change attack intensity, as the total number of attacks did not differ across days for either
MPEP- or vehicle-treated females (Figure 1B). We did a further analysis of the cumulative
distribution of attacks across individual aggression tests. Just as the total number of attacks
did not differ across days for the treatment groups, attacks were continuously distributed
throughout each aggression test for all groups of animals (data not shown). Thus once
attacks were initiated all animals showed the same pattern of attacks regardless of test day or
treatment condition.

Aggressive experience decreases the phosphorylation of FMRP protein

To test the hypothesis that the mGluR5-dependent escalation of aggression may be mediated
by FMRP, we examined the expression of Fmrl mRNA, as well as the phosphorylation state
of FMRP, in the NAc following aggressive experience. Neither the expression of Fmrl
mMRNA nor FMRP protein changed in the NAc or CP of females one week following the last
aggressive experience (data not shown). In contrast, aggressive experience resulted in a
rapid and transient decrease in the phosphorylation of FMRP. In females sacrificed 5 min
after the last aggressive experience, phosphorylated FMRP was significantly decreased in
the NAc (F(2,19)=9.436, p < 0.01; Figure 2A). This decrease in phosphorylation was absent
at 15 min and 60 min following the last aggressive experience (Figure 2A). Again, these
changes appear to be specific to the NAc, as the phosphorylation of FMRP did not change in
the CP at any time point (Figure 2B). Furthermore, the total amount of FMRP did not differ
between behavioral conditions at any time point (data not shown).

Aggressive experience increases expression of synaptic scaffolding proteins

As previous research in our laboratory has demonstrated that aggressive experience
increases the density of mature spines on NAc neurons, we hypothesized that aggressive
experience would likewise increase the expression of synaptic scaffolding proteins, such as
PSD-95 and SAPAP-3. Female subjects who received aggressive experience had a
significant increase in Psd-95 mRNA in the NAc 1 wk (t(12) = 2.995, p < 0.01) and 3 wk
(t(8) = 3.039, p < 0.05, data not shown) after the last aggressive experience compared to
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control females (Figure 3A). Aggressive experience also resulted in a smaller, but
significant, increase in Sapap-3 mMRNA in the NAc 1 wk (t(12) = 1.918, p < 0.05; Figure 3B)
after the last aggressive experience; this change was not, however, maintained 3 wk
following the last aggressive experience (data not shown). Furthermore, these increases in
MRNA levels were paralleled by increases in PSD-95 and SAPAP-3 protein in the NAc
compared to control females (Figure 3C and 3D), with a non-significant trend towards an
increase for the PSD-95 protein (t(12) = 1.465, p = 0.084) and a significant increase in
SAPAP-3 protein (t(12)=4.601, p < .001) 1 wk after the last aggressive experience.
Increases in synaptic scaffolding proteins following aggressive experience appear to be
specific to the NAc, as aggressive experience did not increase Psd-95 or Sapap-3 mRNA in
the CP. Aggressive experience also increased the expression of Psd-95 and Sapap-3 mRNA
in male hamsters (Supplementary Figure S2).

Blocking mGIuRS5 receptors prevents synaptic scaffolding proteins from increasing in the

NAc

Given our finding that the escalation of aggressive behavior depends on the activation of
mGIuR5, we hypothesized that blocking mGIuR5 may also prevent long-term increases in
PSD-95 in the NAc following aggressive experience. To test this hypothesis, a subset female
subjects were treated with MPEP or a vehicle control prior to each aggression test and
Psd-95 mRNA levels in the NAc and CP were measured 3 weeks after the last aggressive
experience. A one-way ANOVA revealed a significant effect of drug treatment on Psd-95
mRNA levels (Figure 4A, F(2,13) = 18.70, p < 0.001). Post-hoc comparisons with
Bonferroni corrections indicated that Psd-95 mRNA significantly increased in vehicle-
treated females compared to females who received no aggressive experience (t(7) = 3.360, p
<.05). In MPEP-treated females, the experience-dependent increase in Psd-95 mRNA was
blocked. In fact, Psd-95 mRNA levels were significantly lower MPEP-treated females who
received aggressive experience compared to MPEP-treated females who did not receive
aggressive experience (t(7) = 7.465, p < .01). There was no difference in Psd-95 mRNA
levels between MPEP- and vehicle-treated females who did not receive aggressive
experience (p > .05). As in our previous findings, these results appear to be specific to the
NAC, as there was no significant effect of drug treatment on Psd-95 mRNA levels in the CP
(Figure 4B).

Discussion

Here we report for the first time that neural plasticity following aggressive experience
depends on a signaling cascade involving group | mGIuRs, FMRP, and PSD-95 in female
hamsters. Specifically, aggressive experience results in a rapid, transient dephosphorylation
of FMRP in the NAc of female hamsters. This dephosphorylation drives the local increase in
synaptic scaffolding proteins such as PSD-95 and SAPAP-3, consistent with a proliferation
of excitatory inputs. Furthermore, the escalation of aggressive behavior and the concomitant
increase in Psd-95 mRNA each depend on the activation mGIuR5 receptors. Taking these
findings together, we propose a model in which aggressive encounters activate mGIuR5
receptors on medium spiny neurons in the NAc core, leading to a rapid decrease in the
phosphorylation of FMRP and a long-lasting increase in the transcription and translation of
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synaptic scaffolding proteins. With repeated experiences, these changes may result in an
increase in AMPA receptor trafficking to the increased density of mature spines in the NAc,
mediating the escalated aggression seen in future encounters (Figure 5).

The goal in undertaking these studies was to model the pathological escalation of aggressive
behavior with an eye towards identifying a neural substrate and molecular target common to
both sexes. Spontaneous aggression was identified in female hamsters decades ago, with the
original interpretation that hamsters were anomalous as a rodent species in which females
are aggressive [30]. In the intervening years, it has become clear that female rodents of
many species are aggressive [31]. What makes Syrian hamsters particularly advantageous
for studies of aggression is that they are solitary animals that defend individual territories
[32]. Thus, unlike in prosocial species, where ecologically valid approaches would require
maintaining animals in mixed sex social groups, aggression can be studied in hamsters
singly housed in the laboratory.

A role for the NAc in mediating aggressive behavior has been previously demonstrated in
male rats [7, 8] and our prior studies of aggressive experience on dendritic spine densities
[12] also pointed to the NAc as a putative locus regulating aggression in females. We
hypothesized that activation of group | mGIuRs in the NAc may be important for mediating
behavioral plasticity following aggressive experience in female hamsters. Our approach to
blocking mGIuRS5 receptors was to use a low dose of MPEP to specifically prevent the
experience-dependent escalation of female aggression without disrupting the expression of
aggression itself. This approach to targeting changes in attack latency contrasts with the use
of higher doses of MPEP in male mice, which reduces the overt expression of aggression
[33].

As our initial hypothesis was supported, our next goal was to identify the signaling events
originating from these cell surface glutamate receptors that could lead to local structural
plasticity known to cause intrinsic changes in neuronal excitability. The FMRP signaling
pathway was an obvious target, as FMRP is itself found in dendritic spines [34] where it
regulates local mMRNA translation via changes in its phosphorylation state [19, 20]. Further,
the activation of FMRP is associated with increases in postsynaptic scaffolding proteins
involved in conferring synaptic stability [21]. Finally, the translation of multiple targets of
FMRP, including postsynaptic scaffolding proteins, is regulated by group | mGIluRs [23,
24], and mGIuRS5 in particular has been identified as a key regulator of FMRP-dependent
translation [24]. Our finding that aggressive encounters result in a rapid dephosphorylation
of FMRP in the NAc, coupled with a long-lasting increase in PSD-95 and SAPAP-3,
therefore fits well within the broader literature demonstrating that FMRP phosphorylation
regulates local translation of proteins required for stable synaptic plasticity [18].

Importantly, our results add to the small literature examining the role of FMRP in
modulating experience-dependent plasticity in healthy neurons [35-37]. Indeed, our finding
that blocking mGIuRS5 receptors prevented Psd-95 from increasing in the NAc following
aggressive experience demonstrates that activation of mGIURS5 is necessary for the long term
increase in synaptic scaffolding proteins following repeated aggressive experience in healthy
neurons. These data are in accordance with in vitro studies demonstrating that PSD-95 is
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rapidly translated in response to stimulation of group | mGIuRs [23], and that the
phosphorylation of FMRP suppresses the translation of PSD-95 [38]. Although others have
demonstrated that pharmacological stimulation of group | mGIuRs rapidly upregulates
FMRP in primary cortical cultures [23] and in synaptoneurosomes [39], we did not observe
any change in overall levels of FMRP following aggressive experience. It is possible that
this difference simply reflects the differences in brain regions (cortex vs. NAc) or in
methodology (e.g., tissue processing, timecourse) used between studies. It is important to
note, however, that the repeated behavioral stimulation used in the current study is more
complex than a discrete pharmacological manipulation and therefore may result in different
downstream effects.

Aggressive behavior in animal models becomes increasingly applicable to pathology in
humans when it differs from the behavioral pattern typical for the that species [40]. By far
the most investigated neurochemical system for the control of escalated aggression is the
serotonin system (for review see [1]), and preclinical studies demonstrating the serotonergic
modulation of aggression led to the development of a class of drugs termed ‘serenics’ that
aims to treat pathological aggression [41]. Unfortunately, further development of drugs
targeting the serontonergic system for treating aggression has been slowed by the
complexities of serotoneric transmission along with multiple interacting factors controlling
aggression in both animals and in humans [42, 43]. Moreover, from the few preclinical
studies investigating aggression in females, it is clear that serotonergic manipulations that
eliminate aggression in males have no effect on aggression in females (e.g., [44]). These
data support the importance of investigating other neurochemical systems to develop
therapeutic targets that are effective in treating females. Based on the results reported here,
group | mGIuR regulation of the FMRP signaling pathway within the NAc provides a novel
target for preclinical studies of the treatment of escalated aggression, with the added benefit
that such therapeutic approaches are more likely to be effective in treating pathological
aggression in both females and males.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Escalated aggression depends on mGIuRS5 activation
A) Females who received repeated aggressive experience (n = 12) had a significant decrease

in attack latency 2, 3, 4, and 5 days after the first aggressive experience. This decrease in
attack latency was prevented in females who received MPEP (1 mg/kg, n = 12) 30 min prior
to behavioral testing. B) The total number of attacks did not differ between vehicle- and
MPEP-treated females on any testing day. Error bars represent mean + SEM, * indicates
significant difference from day 1, p < 0.05.
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Figure 2. Aggressive experience results in a rapid and transient phosphorylation of FMRP
A) In the Nucleus Accumbens (NAc), levels of phosphorylated FMRP were significantly

lower 5 min after the last aggression test in females who received 5 aggressive experiences
(n=8) compared to aggression-naive control females (n = 8). At 15 min (n = 8) and 60 min
(n = 8) following the last aggression test, pFMRP levels had returned to control female
levels (n = 8 for each group). B) Aggressive experience had no effect on pFMRP levels in
the Caudate (CP). Error bars represent mean + SEM, representative Western blot for each
time point shown below quantification, * indicates significant difference between behavioral

conditions, p < 0.05.
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A) The expression of Psd-95 mRNA was significantly increased in the Nucleus Accumbens
(NAC), but not in the Caudate (CP) of females that received 5 aggressive experiences (n = 8)
compared to control females (n = 8) one week following the last aggressive experience. B)
Similarly, the expression of Sapap-3 mMRNA was also significantly increased in the NAc, but
not in the CP, one week following the last aggressive experience. C) PSD-95 protein was
increased in the NAc of females that received 5 aggressive experiences compared to control

females, although this difference did not reach significance. D) SAPAP-3 protein was
significantly increased in the NAc of females that received 5 aggressive experiences

compared to control females. Error bars represent mean + SEM, representative Western
blots shown below quantification, * indicates significant difference between behavioral

conditions, p < 0.05.
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Figure 4. Increases in Psd-95 following aggressive experience depend on mGIuR5 activation
A) Three weeks following the last aggressive experience, vehicle-treated females who

received aggressive experience (n = 4) had a significantly higher expression of Psd-95
mRNA in the Nucleus Accumbens (NAc) than did vehicle-treated females who did not
receive aggressive experience (n = 3). In contrast, the expression of Psd-95 mRNA was
significantly decreased in MPEP-treated females that received aggressive experience (n=4)
compared to MEP-treated females that remained aggressive naive (n = 3). B) In the Caudate
(CP), Psd-95 mRNA expression levels did not change between any drug or behavioral
conditions. Error bars represent mean + SEM, * indicates significant difference between
vehicle-treated groups, # indicates significant difference between MPEP-treated groups, p <
0.05.
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Figure 5. Hypothesized model for the molecular signaling underlying the escalation of female
aggression

Aggressive encounters activate Group | metabotropic glutamate receptors (mGIuR5s) on
medium spiny neurons in the nucleus accumbens (NAc) core. This activation leads to Gg-
mediated signaling that activates PP2A, resulting in the rapid dephosphorylation of FMRP.
The dephosphorylation of FMRP allows for de-repression of local translation of synaptic
scaffolding proteins, such as PSD-95 and SAPAP-3, in dendrites. Repeated aggressive
experience produces a long-term increase in this translation and the resulting increase in
synaptic scaffolding proteins is associated with the proliferation of mature dendritic spines
in the NAc core. This structural plasticity in the NAc core likely reflects an increase in
excitatory inputs to the cell and may mediate a heightened response to future aggressive
encounters, leading to escalated aggressive behavior.
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