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Abstract

Objective: In spite of anecdotal reports describing an association between
chronic epilepsy and interictal aggressiveness, and of a few studies suggesting
that such an association is common in temporal lobe epilepsy, this concept has
not been generally accepted by epileptologists. In the course of studies of the
long-term consequences of limbic status epilepticus (SE) in juvenile rats, we no-
ticed that experimental animals, unlike littermate controls, could not be housed
together because of severe fighting. We now report a study of interictal aggres-
sion in those rats.

Methods: Long-term behavioral consequences of lithium/pilocarpine SE were
studied 3months after SE had been induced with lithium and pilocarpine in
male Wistar rats at age 28 days. Chronic spontaneous seizures developed in 100%
of animals. We tested rats for territorial aggression under the resident-intruder
paradigm. We measured the number of episodes of dominance (mounting and
pinning), and agonistic behavior (attacks, boxing, and biting).

Results: Untreated lithium/pilocarpine SE induced a large increase in aggres-
sive behavior, which involved all aspects of aggression in the resident-intruder
paradigm when tested 3 months after SE. The experimental rats were dominant
toward the controls, as residents or as intruders, and showed episodes of biting
and boxing rarely displayed by controls. They also displayed increased aggres-
siveness compared with controls when tested against each other.

Significance: This robust model offers an opportunity to better understand the
complex relationship between seizures, epilepsy, and aggression, and the role of
age, SE vs. recurrent spontaneous seizures, and focal neuronal injury in the long-
term behavioral effects of SE.
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1 | INTRODUCTION

In humans, the relationship between epilepsy and ag-
gression has a long and controversial history, and in-
cludes postictal aggression'*; aggression during postictal
psychosis;*” the use of epilepsy as a defense in criminal
trials;® ictal aggression in frontal lobe or other focal epi-
lepsy;’ aggression as part of the rare behavioral syndrome
associated with temporal lobe epilepsym'14 or of the con-
troversial “epileptic personality;”'>'” and anecdotal re-
ports of aggression in patients with chronic epilepsy.'®
However, linkages of epilepsy to each one of these types
of aggression, if they exist, are complex and may inadvert-
ently stigmatize people with epilepsy if they are not fully
understood or described.

The study of human aggression using animal seizure
models has many potential pitfalls,’® but there a number
of studies that show common neuroanatomical,?** neu-
rochemical,”® and genetic substrates® for epilepsy and
aggression, which can be investigated using basic mod-
els. In particular, the kindling model of epilepsy27’28 and
spontaneous temporal lobe seizures following the induc-
tion of status epilepticus (SE)*>*° have been used to study
different forms of aggression in rats using validated and
quantifiable methods. Some of these reports support a
connection between seizure history and con-specific ag-
gression in different social contexts.*® These types of stud-
ies may shed light on the neural substrates of aggression
in the background of epilepsy.

In our own studies, during long-term seizure monitor-
ing or behavioral studies following SE induced by lithium
and pilocarpine in juvenile or adult rats, we had to house
experimental rats individually rather than the customary
four animals per cage, because of a high incidence of un-
usual aggressive behavior. Agonistic behaviors between
cage mates were observed frequently in group cages. In
“extreme” cases,’! some rats were found with signs of
trauma around their head and neck areas, which is quite
rare in control rats housed four per cage. To characterize
these behavioral changes, we conducted a pilot study of
aggression in rats subjected to SE during the juvenile pe-
riod (Post Natal Day [PND] 28) and tested for behavioral
changes 3 months later. This study revealed significantly
elevated aggressive behavior in post-SE animals compared
with controls not subjected to SE.

2 | METHODS

2.1 | Animals

Male Wistar albino rats (Simonsen Lab) were used on
PND28. The day of birth was considered as Day 0. Pups

Key points

« Untreated LiCl/pilocarpine status epilepticus
(SE) in rats induced a large increase in aggres-
sive behavior when tested 3 months after SE.

« The experimental rats were dominant toward
controls and showed increased agonistic be-
havior (attacks, boxing, and biting).

« When post-SE experimental rats were tested to-
gether, they expressed prominent agonistic be-
havior but did not display dominant behavior.

« This model is a useful tool in the study of ag-
gressive behavior associated with spontaneous
recurrent seizures.

were weaned at PND21. All animals were housed in a tem-
perature- and humidity-controlled room with 12-h light-
dark cycles (the dark cycle starts at 6PM) and had free
access to food and water. All experiments were conducted
with the approval and in accordance with the regulations
of the Institutional Animal Care and Use Committee of
West Los Angeles VA Medical Center. The protocol num-
ber was 97110-4. We used six animals per group for the
acute EEG study and eight animals per group for the ter-
ritorial aggression test and chronic EEG monitoring.

2.2 | Induction of SE and acute
EEG monitoring

SE was induced with lithium and pilocarpine.** Lithium
(3mE/kg) was administered intraperitoneally on the day
of surgery. The detailed surgical method is described in
Suchomelova et al. (2006).3 Briefly, the animals were
anesthetized with halothane using a vaporizer. A trip-
olar electrode was then connected to skull screws (the
first two were inserted into the skull above right and left
frontal cortex, the third one was placed over the cerebel-
lum). Twenty hours later, a subcutaneous injection of
pilocarpine (60 mg/kg) was administered (Figure 1). We
used a video-EEG system for 24 h continuous monitor-
ing. The EEG onset of first ictal activity and continu-
ous polyspike activity were measured. The experimental
group was treated at 70 min after pilocarpine with atro-
pine in amounts sufficient to block most effects of pi-
locarpine (10mg/kg), in order to remove the original
trigger that might re-start seizures treatment stopped
them. Atropine did not alter the seizure course in any
animal, demonstrating that seizures were no longer de-
pendent on the original muscarinic trigger.** No other
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animals were paired more than once,
and individual animals were tested
every fourth day. Abbreviations: PND28,
postnatal day 28; SE, status epilepticus.

anti-seizure medication was given to stop the seizures.
The “no SE” control group received only lithium and
equal amounts of vehicle. All animals were rehydrated
with saline approximately 5h after SE (10% of body
weight, s.c.).

The course of SE in atropine-treated animals was de-
scribed in detail in Suchomelova et al. (2006).% Briefly,
pilocarpine induced the first spikes in 5.2 + 2.3 min, the
first discrete seizure after 8.2+2.1min and continu-
ous polyspike activity after 15.5+2.5min. Continuous
polyspike activity was replaced, after 185.7 +21.1 min,
by multiple intermittent seizures 65.4+19.3 during
24h of continuous recording. The duration of SE was
1087.7 + 86.2 min after onset of SE. The “no SE” animals
did not develop SE and had a mean spike frequency of
3.6 +0.7 spikes/h.

2.3 | Behavioral testing

For resident-intruder testing, a separate group of animals
undergoing SE at PND28, but not implanted with elec-
trodes (experimentals), and vehicle-injected controls were
tested 3months later for territorial aggression. Animals
were individually housed in transparent plastic cages for
10days prior to behavioral testing to ensure home cage
familiarity. We tested rats for territorial aggression under
the modified resident-intruder paradigm®>*** An “in-
truder” rat is introduced into the cage of a “resident” rat
for a 15min session. Aggression tests were administered
strictly once every 4th day during the dark period at 7pm
(6 PM marked the beginning of the dark cycle). At the be-
ginning of each session, the resident rat in its home cage
was positioned in the recording site and given 5min to

accustom to testing conditions. Subsequently, an unfamil-
iar intruder rat was introduced into the same cage for a
15min video-recorded session. A clean transparent cage
was inverted on top of the testing cage (as a lid) to allow
additional space for movement but to prevent escape. Each
animal was tested only once per day to prevent the de-
crease in responsiveness due to fatigue and/or habituation
to the resident-intruder scenario. Additionally, no animal
was tested more than twice per week to reinforce home
cage familiarity and fresh/instinctive reactions to intrud-
ers. Control rats were tested against other controls both
as residents and intruders to establish their baseline be-
havior. Experimental rats were tested against controls and
against other experimentals as both resident and intruders
(Figure 1). No two animals were tested together more than
once to exclude behavior due to any pre-established domi-
nance. We measured the number of episodes of dominant
mount (ventral/dorsal contact and immobilization of op-
ponent), pinning (ventral/ventral contact after opponent
is forced onto its back and immobilized in position), and
agonistic behavior: attacks (lunging onto opponent), box-
ing (upright stance, facing opponent, pushing opponent
with forepaws), and biting (direct dental contact of one rat
with another). Animals demonstrating a convulsive sei-
zure during the 5min acclimation period prior to testing,
or during testing, were excluded from the testing for that
session. Five out of the eight animals expressed at least
one convulsive seizure prior to, or during, testing.

24 | Chronic EEG/video monitoring

Immediately after territorial aggression testing, the ani-
mals were anesthetized and implanted with magnetically
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activated implants for transmitting EEG signals.* Briefly,
the implant cables were connected to skull screws placed
over the left frontal and occipital cortex under Xylazine
(15mg/kg)/Ketamine (60 mg/kg) anesthesia. After 1 week
of postoperative recovery, the animals were monitored for
1 week. EEG/video results are not discussed in detail in
this paper.

2.5 | Statistical analysis
In the territorial aggression study, each group (controls
and experimentals) consisted of eight animals. The num-
ber of episodes in the text is represented as a Minimal/
Maximal/Median value. The dataset in the figures is
represented by box and whisker plots. The central lines
within the box represent medians, the two ends of the rec-
tangle represent first and third quartiles. The upper and
lower whiskers extend to the lowest and highest value
in the dataset. Each filled circle represents the number
of episodes each animal expressed during 15min of the
resident-intruder testing.

Statistical comparisons were made using Mann-
Whitney U-test for nonparametric data using GraphPad
statistical software (Dotmatics).

3 | RESULTS

3.1 | Spontaneous seizures

Post-SE animals that were used in the territorial ag-
gression study were evaluated for spontaneous sei-
zures following the behavioral observations. All of the
experimental animals displayed convulsive spontane-
ous recurrent seizures, with an average seizure fre-
quency of 17.5+ 5.1/day and a mean seizure duration of
26.9+7.3s.

3.2 | Controlvs. control

To establish the baseline behavior in the resident-
intruder paradigm, we first exposed control animals
to each other. The control residents displayed domi-
nant behavior with a significant increase in dominant
mounts (4.0/13.0/7.0 vs. 1.0/7.0/4.0) and pinning behav-
ior (1.0/10.0/4.5 vs. 0.0/3.0/1.0) compared with intrud-
ers. Agonistic behavior was minimal, with no attacks,
no biting, and only a small amount of boxing behavior
(Figure 2A).
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FIGURE 2 Aggressive behavior differed between control and

experimental animals when tested under the resident-intruder
paradigm 3 months after SE. (A) Resident controls expressed more
dominant behavior (mounts and pinning) when exposed to intruder
controls. Agonistic behavior (attacks, boxing, and biting) was
nonexistent or did not differ between residents and intruders. (B)
Experimental animals tested together displayed less dominant and
more agonistic behavior. Neither dominant nor agonistic behavior
differed between residents and intruders. Statistics: Mann-Whitney
U test, *p <0.05, resident controls vs intruder controls, resident
experimentals vs. intruder experimentals, n =8 rats per group.

3.3 | Experimental vs. experimental

The experimental rats, when tested together, showed
prominent agonistic behavior in both the resident and
the intruder groups. Attacks were frequent, boxing was
common and often long-lasting, and biting was relatively
common. Surprisingly, they often did not display more tra-
ditional dominant behavior (dominant mounts and pin-
ning) as residents when compared to the intruders. There
were no statistical differences between residents and in-
truders in any of the observed behaviors (Figure 2B).
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Experimental vs. control

34 |

When exposed to intruder controls, the resident experi-
mental animals expressed the expected dominant behav-
ior with a large excess of dominant mounts (1.0/32.0/4.5
vs. 0.0/12.0/1.5) and a non-significant trend toward in-
creased numbers of pinning. They also displayed all as-
pects of agonistic behavior. We observed an increased
number of boxing episodes (0.0/14.0/3.5 vs. 0.0/3.0/2.0)
and episodes of biting the opponent (0.0/20.0/1.5 vs.
0.0/0.0/0.0; Figure 3A).

However, when intruder post-SE rats were exposed
to resident controls, there was a dramatic reversal of
the expected resident versus intruder hierarchy. Post-SE

(A)

- resident experimental

401 - intruder control

301

# of episodes

mounts  pinning  attacks boxing biting

(8)

404 - resident control
- intruder experimental

# of episodes

mounts attacks

pinning

boxing biting

FIGURE 3
showed more agonistic behavior when tested with controls. (A)

Experimental animals were more dominant and

Experimental residents expressed a large amount of dominant
(mounts) and agonistic (boxing and biting) behavior when tested
with control intruders. (B) Similarly, experimental intruders when
tested with control residents displayed more dominant (mounts)
and agonistic behavior (attacks, boxing, and biting) than resident
controls. Statistics: Mann-Whitney U-test, *p <0.05, **p <0.01,
***p <0.001, residents vs. intruders, n =8 rats per group.

intruders showed a large excess of dominant mounts over
resident controls (0.0/30.0/10.0 vs. 0.0/8.0/2.0). They also
showed prominent agonistic behavior when compared
to control residents (0.0/4.0/1.5 vs. 0.0/1.0/0.0 attacks,
0.0/9.0/4.5 vs. 0.0/2.0/0.0 boxing, and 0.0/25.0/1.5 vs.
0.0/0.0/0.0 biting; Figure 3B).

Overall, resident post-SE animals showed significantly
less dominant (0.0/2.0/0.5 vs. 4.0/13.0/7.0 episodes of
mounts and 0.0/4.0/0.0 vs. 1.0/10.0/4.5 pinning episodes)
and more agonistic behavior (0.0/10.0/4.0 vs. 0.0/1.0/0.0
attacks and 4.0/25.0/7.0 vs. 0.0/3.0/1.0 boxing episodes)
when compared to the behavior of control animals
(Figure 4A). As intruders, post-SE rats also showed less
dominant (mounts) and more agonistic behavior (attacks
and boxing) when compared to the behavior of control an-
imals (Figure 4A).

When we pooled resident and intruder data, the ex-
perimental rats showed more dominant behavior toward
controls than toward other experimentals (0.0/32.0/8.0
vs. 0.0/2.0/0.0 mounts) and showed increased biting
(0.0/25.0/1.5 vs. 0.0/4.0/0.0) regardless of their resident or
intruder status (Figure 4B).

4 | DISCUSSION

The current study was prompted by the incidental obser-
vation of an increase in the frequency and nature of fight-
ing in post-SE animals. It confirmed that post-SE animals
showed increased aggression in the form of increased
dominant mounts, even when they were the intruder in
the cage. Furthermore, agonistic aggression such as sud-
den attacks with boxing and biting were significantly
increased after SE. Changes in aggressive behavior were
long-lasting and persisted into the chronic epilepsy pe-
riod several months after SE. Differences between post-SE
animals and controls were dramatic and may provide a
reliable model for the study of the poorly understood rela-
tionship between seizures, epilepsy, and aggression.

Increased aggression has been reported in previous
studies following lithium-pilocarpine seizures. Persinger
et al. (1993)* observed head and neck lesions after SE,
and Desjardins et al. (2001)* reported that when rats were
housed in groups of six, the amount of biting and boxing
increased with the proportion of post-SE animals in the
group. However, Smolensky et al. (2019),*® using a similar
model with SE at 7weeks, found only minor changes in
the resident-intruder paradigm.

We do not know whether this increased aggression,
deep into the chronic seizure period, is age- or model-
specific. Although we have witnessed signs of aggression
after SE was induced in adults, the severity of changes in
the current study after SE at postnatal day 28 raises the
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FIGURE 4
and also as intruders) showed significantly less dominant (mounts

(A) Overall, resident post-SE animals (as residents

and pinning) and more agonistic behavior (attacks and boxing)
when compared to the behaviors of resident or intruder control
animals. (B) Pooled data from all post-SE animals showed
increased dominance (mounts) and agonistic behavior (biting)
against controls when compared to other experimentals. Statistics:
Mann-Whitney U-test, *p <0.05. Statistics: Mann-Whitney U-test,
*p <0.05, ¥*p <0.01, ***p <0.001. (A) resident controls vs. resident
experimentals, intruder controls vs. intruder experimentals. (B)
experimentals with experimentals vs. experimentals with controls.
n=_8 rats per group.

question of the age dependence of this finding. The role
of the initial episode of SE versus that of spontaneous re-
current seizures in behavioral changes is also unknown.
Previous studies have described the development of
post-SE agonistic aggression coming to an asymptote in
the month following lithium-pilocarpine seizures ini-
tiated in adult rats.* Our unpublished observations in
adult rats subjected to SE are consistent with those earlier
results, but here, we show that seizure-induced brain al-
terations occurring earlier in life (PND28) produce sub-
stantially elevated, and chronic, aggression in rats.

used rats between 90 and
120days old, gave lithium orally, used a slightly lower
amount of pilocarpine (30 vs. 60mg/kg), and injected
acepromazine after seizure onset, and the effects of these
changes on seizure severity are unknown. A study of ka-
inic acid-induced SE in rats did not find increased aggres-
sion after SE.? However, a study of cats after intratemporal
kainic acid SE found increased emotionality, with aggres-
sion, in post-SE cats.*® Studies of rodents with kindled sei-
zures showed only mild changes®?"*® This heterogeneity
of outcomes suggests that some measure of model speci-

22,30

ficity exists, but gives little clue regarding the key differ-
ences between models that generate postictal aggression
and those that do not. We used a model of relatively severe
SE and did not treat seizures at 2h with diazepam, and
this could be a factor. It is well established that a longer
duration of SE alters the long-term histopathological con-
sequences.*®** SE-induced neuronal injury, and probable
synaptic reorganization, may play an important role in the
development and expression of aggressive behavior.***
Neurophysiological substrates mediating aggression have
been studied using both electrical stimulation and abla-
tion** ™ of targeted pathways. Limbic areas such as the
amygdala have been linked to aggression in these studies.
It is well known that the amygdala and synaptically con-
nected areas, such as the hippocampus, are also involved in
limbic seizure induction as well as the resulting behavioral
outcomes.’”*”*® Importantly, several seizure models have
been used to study aggression®”***"***7 with varied results.

The human relevance of these changes remains to be
explored. The current seizure model is not relevant to the
problems of postictal or ictal aggression,'™’ of postictal
psychosis,*” or of the use of epilepsy as a legal defense.® It
is probably not relevant to the “Epileptic personality,”*>™"’
since most epileptologists do not believe that such a per-
sonality is a feature of epilepsy. However, it might become
a useful tool to study the relationship between epilepsy
and aggression in the rare behavioral syndrome associated
with chronic poorly controlled epilepsylo"14 and in anec-
dotal reports of aggression in patients with epilepsy.'®"’

In summary, lithium-pilocarpine SE in juvenile rats
leads to spontaneous seizures and increased agonistic
aggression. The model lends itself to the study of SE-
associated changes in aggressive behavior, of the rela-
tionship between behavioral and anatomical changes
following SE in the chronic seizure period, and of the
influence of treatment on the development, and possibly
the prevention, of behavioral sequalae of SE. Studies like
these could potentially shed light on the neurobiological
substrates of ictal vs interictal aggression, and discern the
impact of important complicating factors such as the ef-
fects of medication and brain damage on multiple forms
of aggression.
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