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Abstract

Aggression is frequently comorbid with neuropsychiatric conditions and is a predictor of worse
outcomes, yet current pharmacotherapies are insufficient and have debilitating side effects,
precluding broad use. Multiple models of aggression across species suggest that the nicotinic
acetylcholine receptor (nAChR) agonist nicotine has anti-aggressive (serenic) properties. Here we
demonstrate dose-dependent serenic effects of acute nicotine administration in three distinct
mouse strains: C57BL/6, BALB/c, and CD1. While acute nicotine administration (0.25 mg/kg)
modestly reduced solitary homecage locomaotion, this could not account for nicotine’s serenic
effects since social encounters eliminated the hypolocomotor effect, and nicotine did not alter
social interaction times. Pretreatment with the homomeric (a7 subunit) nAChR antagonist
methyllycaconitine (5 mg/kg), but not the heteromeric (32 or 4 subunit-containing) NnAChR
antagonist dihydro-B-erythroidine (DHBE, 3 mg/kg), blocked the serenic effects of nicotine. By
contrast, pretreatment with DHBE blocked the effect of acute nicotine administration on
locomotion, uncoupling nicotine’s serenic and hypolocomotor effects. Finally, the a7 nAChR
partial agonist GTS-21 reduced aggression in C57BL/6 mice. These results support the idea that
acute nicotine administration has serenic effects and provide evidence for specificity of this effect
distinct from effects on locomotion. Furthermore, pharmacological studies suggest that activation
of a7 nAChRs underlies the serenic effects of nicotine. Further studies of nAChRs could enhance
understanding of the neurobiology of aggression and may lead to the development of novel, more
specific treatments for pathological aggression.
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1. Introduction

Aggressive behavior is commonly comorbid with neuropsychiatric conditions. While
pharmacotherapy with neuroleptics and mood stabilizing agents such as anti-epileptics and
lithium can be highly effective for certain individuals, it is incompletely effective in many
cases [1], persistent use of these agents frequently results in metabolic and movement
disorders, and in geriatric patients with dementia, confers increased risk of death [2].
Further, the exact mechanism of action of these agents as they relate to anti-aggressive, or
“serenic” activity, is incompletely understood [3]. Investigation of pharmacological
mechanisms that reduce aggression but are distinct from currently available agents may lead
to novel, increasingly specific treatments for aggression with more favorable side effect
profiles, and provide further understanding of the molecular mechanisms regulating
aggression.

Nicotinic acetylcholine receptor (nAChR) modulation by the endogenous neurotransmitter
acetylcholine or exogenous agents such as nicotine is one potential mechanism to influence
aggressive behavior. Nicotinic AChRs are heterogeneous, widely expressed throughout the
brain, influence the release of several neurotransmitters known to be involved in aggression
including serotonin, GABA, and dopamine [4, 5], and can modulate higher-order cognitive
processes such as attention, mood, anxiety, and impulsivity, all of which may subsequently
influence the likelihood of aggressive behavior [6]. Acute nicotine administration reduces
aggression in animal models across multiple species, including cats in rat-biting attack
assays [7], rats in shock-induced fighting and muricide models [8-12], and mice in resident-
intruder paradigms [13]. Furthermore, case studies in non-smoking humans with aggression
secondary to severe dementia [14, 15] or autism spectrum disorder [16] report that
transdermal nicotine reduces persistent aggression. The convergence of these findings across
species and aggression models provide strong rationale to study nAChR modulation as a
pharmacological target for the treatment of aggression.

The mechanisms underlying the ability of nicotine to reduce aggression are not known. The
serenic effect of nicotine is not blocked by pretreatment with the peripherally active non-
specific NAChR antagonist hexamethonium [7, 12], which suggests a central site of action;
however, the distinct subset of nNAChRs that mediate the effect are unknown. Furthermore,
altered locomotor activity can significantly confound the interpretation of behavioral assays
following acute nicotine administration in rodents. In the current study we investigated the
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serenic effect of nicotine in three distinct mouse strains to determine whether this behavioral
effect is robust across genetic backgrounds. We used pharmacological tools, including
nAChR agonists and antagonists, to identify the nAChR subtypes mediating nicotine’s
serenic effect. We also determined whether these effects were influenced by any changes in
activity and sociability. These results suggest that pharmacological agents targeting specific
subsets of nAChRs should be studied as therapeutic agents to treat persistent aggression.

2. Materials and Methods

2.1 Animals

2.2 Drugs

Male C57BL/6 (B6) and BALB/c mice (age at start of single housing: 10-16 weeks) were
purchased from Jackson Laboratory or Charles River. Male retired breeder CD1 mice were
purchased from Charles River. Resident mice were single-housed for at least two weeks
prior to aggression testing. Intruder mice were group housed (4-5 mice per cage). All mice
were housed under standard conditions (temperature 21 + 2 °C, 12 hour light-dark cycle
with food and water available ad libitum). The Yale University Animal Care and Use
Committee approved all procedures.

Nicotine hydrogen bitartrate (Sigma-Aldrich, St. Louis, MO, USA) and dissolved in 0.9%
normal saline (vehicle). pH was adjusted to 7.0 + 0.5 with 1M sodium hydroxide (J.T.
Baker, Center Valley, PA, USA), and solutions were prepared fresh daily and kept in the
dark with aluminum foil. Nicotine doses are expressed as free-base [17] and were injected
intraperitoneally (i.p.) 10 minutes prior to testing. Dihydro-B-erythroidine (DHPBE)
hydrobromide (Tocris, Ellisville, MO, USA) and methyllycaconitine (MLA) citrate salt
(Sigma-Aldrich) were dissolved in 0.9% normal saline vehicle, and for pretreatment
experiments were injected i.p. 15 minutes prior to nicotine or vehicle i.p. injection, with
behavioral testing commencing 10 minutes after last injection. DHBE and MLA doses are
expressed as their salts. GTS-21 (Sigma-Aldrich) was dissolved in 0.9% normal saline
vehicle and injected i.p. 10 minutes prior to resident-intruder testing. Volumes for i.p.
injections were 10 mL/kg for B6 and BALB/c mice, and 5 mL/kg for CD1 mice due to
increased body mass.

2.3 Behavioral tests

2.3.1 General testing conditions—Resident-intruder tests were performed within the
animal housing facility, whereas sociability and locomotor tests were performed in a
dedicated behavioral testing room and animals were allowed at least 30 minutes to habituate
to the behavior room prior to testing. All behavioral testing was conducted between 0800
and 1800.

2.3.2 Resident-intruder test—Resident mice were single-housed, with bedding
unchanged, for at least two weeks prior to testing. Intruder mice were always group-housed
B6 mice of comparable age to resident B6 or BALB/c mice. After the single-housing period,
B6 and BALB/c mice underwent three training bouts constituting a 10-minute interaction
with an intruder mouse in the resident home cage with at least a one-day interval between
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training bouts. This training paradigm served to reduce variability in aggressive behavior
(data not shown) and allowed animals to reach a stable baseline [18]. Because of modest
baseline aggression, the B6 cohorts used for within-subject tests were selected for aggressive
behavior based on training trials, whereas the B6 cohorts for the between-subjects
experiments were randomly distributed to treatment groups without removing any subjects,
to measure the entire range of behavior. CD1 mice were trained in a similar manner with
exposure to a B6 intruder in seven training bouts spaced by one day. The resident-intruder
test was conducted in the animal facility to maximize expression of aggressive behavior in
the resident’s home environment by minimizing novelty in the environment aside from the
presence of the intruder. The tail of the intruder mouse was marked to allow for
differentiation from the resident. To begin the test, the home cage food tray was removed
and the intruder was gently placed in the resident’s home cage at the opposite end of the
cage, then the cage replaced on the rack. Time to first resident attack on the intruder was
recorded, with a ceiling of 10 minutes. An attack constituted an offensive aggressive
behavior such as lunging with contact, boxing, or biting such that the intruder assumes a
defensive posture. Care was taken to avoid physical harm to the intruder. If any aggressive
behavior resulted in visible wounds, the bout would be stopped, although no fight wounds
were observed in any of these experiments. Aggressive grooming or close inspection was
not scored as offensive aggression. Likewise, offensive aggression that resulted in a
prolonged chase within the cage was only counted as a single attack until the chase ceased
and another offensive aggressive maneuver occurred. Once the first attack occurred, the
number of subsequent attacks over the next 10 minutes was counted. In a small number of
cases, the first attack was made by the intruder on the resident. In this instance, the bout was
ended and the resident was scored as non-aggressive (attack latency = 600 seconds).
Residents were tested in the resident-intruder test only once daily. Intruders participated in
at most two bouts per test day, and care was taken to avoid interactions of residents with the
same intruder. Tests were scored in real time by a trained observer. For nicotine, dose
ordering was first done by vehicle administration, then highest to lowest nicotine dose and
ending with vehicle to determine whether mice return to baseline (Fig. 1). These results
were then followed up by a counterbalanced dosing order in the case of nicotine 0.25 mg/kg
vs. vehicle in a novel cohort of B6 mice, and similar results were found.

2.3.3 Locomotor testing—Locomotion was quantified using a Noldus EthovisionXT
system. Single-housed B6 mice were used to approximate locomotor properties of resident
mice. Mice were injected i.p. with nicotine or vehicle, then returned to their home cage for
10 minutes. After 10 minutes, home cage lids were removed and total distance traveled as
well as time spent moving were quantified over the following 10 minutes. Nicotine and
vehicle treated mice were recorded side-by-side to eliminate confounding by time of day and
were analyzed by paired analysis.

2.3.4 Sociability testing—Sociability testing was measured as the extent to which a
mouse approaches and interacts with a novel “stimulus” mouse, as has been reported
previously [19]. Tested mice were single-housed B6 mice and stimulus mice were group-
housed B6 male mice. In this manner we could determine the sociability properties of
socially isolated mice such as those used as residents in resident-intruder tests. The
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sociability testing apparatus (Noldus) consists of three interconnected chambers with clear
Plexiglas walls and white plastic floor. Two identical stimulus mouse cages with Plexiglas
bars were placed in the left and right chambers. Tested mice were injected with nicotine or
vehicle i.p. 10 minutes prior to the start of the sociability test and were placed back in their
home cages until the start of the test. The test began by placing the tested mouse in the
center chamber and allowing the mouse to explore the apparatus. Time spent in each
chamber, time sniffing each stimulus mouse cage, and locomotor parameters (distance
traveled, time spent moving) were recorded for five minutes using the Noldus EthovisionXT
behavioral analysis system. After 5 minutes, the tops of both stimulus mouse cages were
removed simultaneously, and a stimulus mouse was placed into one cage that had been
designated as the “social” side. The hand motion was mimicked at the same time in the
stimulus mouse cage on the “nonsocial” side, and both cage tops were replaced
simultaneously. The same behavioral parameters were recorded for the next five minutes.
Both mice were then removed from the sociability cage, the entire apparatus washed with
30% ethanol followed by multiple water rinses, and another test began. Testing was
performed in a counterbalanced manner by dose.

Quantitative analysis was performed as has been reported [19]. Time spent in each chamber
(middle, social, and nonsocial), time spent sniffing the social and nonsocial cylinder,
distance traveled, and time spent moving were recorded in the absence and presence of the
stimulus mouse. The “social approach score” was calculated for each tested mouse in the
absence and presence of the stimulus mouse by adding 1 point for each second in the social
side, subtracting 1 point for each second in the nonsocial side, and adding 0 points for each
second in the center chamber. A similar “cylinder sniffing preference” score was calculated
for each tested mouse in the absence and presence of the stimulus mouse by adding 1 point
for each second the test mouse sniffed the social cylinder and subtracting 1 point for each
second the test mouse sniffed the nonsocial cylinder. Finally, we calculated the “change
score” for each tested mouse, which was computed by subtracting the value of the social
approach score or the cylinder sniffing preference in the absence of the stimulus mouse from
the social approach score or the cylinder sniffing preference in the presence of the stimulus
mouse. This method takes into account any intrinsic side preference of the tested mouse.
Social approach/cylinder sniffing scores and locomotor data were analyzed by two-way
ANOVA with treatment as between-subject factor and presence/absence of stimulus mouse
as within-subject factor. Change scores were analyzed by unpaired t-test.

2.4 c-Fos immunohistochemistry, microscopy, and image analysis

B6 mice that had undergone resident-intruder tests were used for immunohistochemistry
experiments. Residents were injected i.p. with 0.9% normal saline 10 minutes prior to a
standard resident-intruder test of 10 minute duration. Intruder mice were the same group-
housed B6 mice used for resident-intruder testing. Control mice were injected with 0.9%
normal saline and returned to their home cage without resident-intruder interactions.
Resident mice who attacked the intruder (N = 5) and control mice (N = 5) were then
anesthetized 90-120 minutes later with an overdose of pentobarbital and perfused
intracardially with ice-cold phosphate-buffered saline (PBS, 0.1 M, pH 7.3) followed by ice-
cold 4% paraformaldehyde (PFA). Brains were carefully dissected and post-fixed for 24
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hours in 4% PFA at 4 °C, then cryoprotected by transfer to PBS containing 30% sucrose at 4
°C. Brains were stored at 4 °C in PBS + 30% sucrose until sectioning.

Sections (40 um) were cut with a freezing microtome and stored free-floating in PBS
containing 0.02 % sodium azide. Two sections from each mouse containing the
ventromedial hypothalamus (VMH) or the medial amygdala posterior part (MEAp) were
selected, blocked in PBS containing 3% normal donkey serum and 0.3 % Triton X-100 at
room temperature for 1 hour, then incubated with rabbit anti-c-Fos diluted in blocking
solution (1:500, Santa Cruz Biotechnology) at 4 °C for 48 hours, rinsed in PBS, then
incubated in donkey anti-rabbit Alexa Fluor 555 (1:500, Life Technologies) diluted in PBS
containing 0.3% Triton X-100 at room temperature for 2 hours. Slices were rinsed, mounted
on Superfrost Plus microscope slides (Fisher Scientific), covered with mounting media
(Vectashield, Vector Laboratories), and topped with a cover slip sealed with nail polish.

Imaging was performed using an Olympus FVV10i confocal microscope at 40X magnification
using a single Z-slice. For each mouse, two sections were imaged bilaterally when possible,
typically resulting in four images per mouse. Images were analyzed blinded to condition
using Fiji [20]. Anatomical areas of interest were outlined, intensity thresholded, and
counted using the “analyze particles” macro (size filter: 20-200 pixels?; circularity filter:
0.5-1.0). The total number of c-Fos positive cells in each anatomical region was then
averaged (typically four data points per mouse: right and left side X two sections) to obtain a
single value per mouse.

2.5 Statistical analysis

Unless otherwise stated, all statistical comparisons are to vehicle-treated subjects. To
compare the percentage of attacking residents, McNemar’s test (computed using the
binomial distribution) was used for within-subject experiments, and x2-test for between-
subject experiments. The x2-test for trend or the log-rank test for trend was used to compute
the significance of trends in percentage of attacking residents and latency to attack,
respectively, in evenly ordered dose-response experiments. Hazard ratios for latency to
attack were computed using parametric survival models with adaptive Gauss-Hermite
quadrature integration, specifying an exponential distribution for latency. Mice that did not
attack by 600 seconds were censored in analyses. When data were generated from repeated
measurements, models were analyzed in a multi-level framework specifying an
exchangeable variance-covariance matrix in order to account for clustering within mice.
Sensitivity analyses demonstrated survival model fit and results were robust to varying
specification of the latency distribution and variance-covariance matrix (results not shown).
To analyze c-Fos labeling, number of attacks, locomotion, and sociability data, we used the
Student t-test to compare two groups (paired or unpaired, as appropriate), and ANOVA
(one- or two-way, as appropriate) to compare three or more groups. Repeated measures
analysis was used for experiments designated as “within-subjects”. Post hoc comparisons
were made using the Holm-Sidak method. All tests were two-sided/tailed. Values of P <
0.05 were considered to be significant. Bar graphs depict mean + standard error of the mean
(S.E.M.). Survival analyses were conducted in Stata version 13.1, all other analyses were
conducted using Graphpad Prism6 for Mac.
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3. Results

3.1 Acute nicotine administration reduces aggressive behavior in multiple mouse strains
in a dose-dependent manner

In B6 mice there was a significant trend in percent of attacking intruders after acute injection
of nicotine across a dose range of 0 mg/kg to 0.5 mg/kg [Chi-square test for trend: y2(1, N =
19) = 14.27, P < 0.001], and doses of 0.25 mg/kg and 0.5 mg/kg significantly reduced the
percentage of residents attacking within 10 minutes [N = 19; vehicle: 68%, nicotine 0.25
mg/kg: 32%, nicotine 0.5 mg/kg: 11%; vehicle vs. nicotine 0.25 mg/kg: P = 0.02; vehicle vs.
nicotine 0.50 mg/kg, P = 0.001; McNemar test] (Fig. 1A). Latency to first attack was
significantly increased by nicotine at both 0.25 mg/kg [HR = 0.37, 95% Cl: 0.14-0.98, P =
0.045] and 0.5 mg/kg [HR = 0.09, 95% CI: 0.02-0.40, P = 0.002] (Fig. 1B—-C). Nicotine also
reduced the total number of attacks [F(3,54) = 3.68, P = 0.02], and post hoc analysis
revealed this effect reached significance at the 0.5 mg/kg dose (P < 0.05) (Fig. 1D). The
0.25 mg/kg nicotine dose reduced total number of attacks by ~45%, but this effect did not
reach set statistical significance. Dose ordering for this experiment began with vehicle
followed by highest to lowest nicotine doses, which was chosen to minimize false positive
findings due to resident sensitization to fighting (which would result in significant
differences only to the highest doses of nicotine) or habituation to fighting (aggressive
behavior that did not return to baseline would suggest habituation). To confirm that order of
dosing did not influence results, we repeated this paradigm with a new cohort of mice (N =
16, within-subject) using counterbalanced dosing and an independent observer blinded to
treatment condition and compared 0.25 mg/kg nicotine with its vehicle control. We again
found that latency to attack was significantly increased by this dose of nicotine in a manner
essentially identical to the previous dosing order [HR = 0.36, 95% CI: 0.14-0.88, P = 0.03].
Finally, to confirm the aggression levels we observed in our paradigm were comparable to
those previously published in B6 resident-intruder tests, we performed
immunohistochemistry for the immediate early gene c-Fos and quantified its expression in
the ventrolateral portion (vl) of the VMH, and the MEAp [21] (Fig. 1E). Encounters
culminating in offensive aggression after saline injection significantly upregulated c-Fos
expression in both brain regions compared to saline injection alone without an aggressive
encounter [VMHuvI: T(8) = 2.65, P = 0.03; MEAp: T(8) = 2.41, P = 0.04; unpaired t-test],
suggesting the offensive expression in this animal model is comparable to previous reports.

BALB/c and CD1 mice demonstrate different levels of innate aggression than B6 and have
differing locomotor effects after acute nicotine administration [22—24]. In BALB/c residents,
we observed a significant effect of increasing nicotine dose between 0 mg/kg and 1.0 mg/kg
on percent of residents attacking [Chi-square test for trend: ¥2(1, N = 10) = 3.96, P = .047]
and latency to attack [Log-rank test for trend: y2(1, N = 10) = 4.51, P = 0.03] (Fig. 2A, B).
At both 0.5 mg/kg and 1.0 mg/kg nicotine increased latency to attack compared to vehicle,
but this effect did not reach statistical significance at either dose [0.5 mg/kg: HR = 0.39,
95% CI: 0.12-1.30, P =0.13; 1.0 mg/kg: HR = 0.37, 95% CI: 0.11-1.23, P = 0.11] (Fig.
2B). Nicotine did not significantly reduce the number of attacks at any dose [F(3,27) = 0.54,
P = 0.66] (Fig. 2C). In CD1 residents, we observed a significant effect of increasing nicotine
dose between 0 mg/kg and 0.5 mg/kg on percent attacking residents [Chi-square test for
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trend: ¥2(1, N = 10) = 6.13, P = .01] and latency to attack [Log-rank test for trend: y2(1, N =
10) = 5.04, P = 0.02] (Fig. 2D, E). Nicotine administered at 0.5 mg/kg significantly
increased latency to attack compared to vehicle [HR = 0.14, 95% CI: 0.04 — 0.47, P = 0.001]
(Fig. 2E). As with BALB/c mice, nicotine did not significantly reduce the number of attacks
at any dose [F(3,27) = 1.67, P = 0.20] (Fig. 2F). Taken together, our results are consistent
with the idea that nicotine can reduce aggressive behavior and suggest the generalizability of
this effect across three mouse strains with different levels of innate aggressive behavior.

3.2 The serenic effect of nicotine is likely not due to reduced locomotor activity or altered

sociability

The finding that acute administration of nicotine reduces measures of aggression in mouse
resident-intruder tests may be secondary to confounding behavioral effects that reduce the
probability of attack but are independent of a change in primary aggressive motivation.
Reduced locomotor activity or reduced interaction with another mouse or with novel objects
might be measured as reduced aggression yet would not be informative about nicotine’s
specific effect on aggression. We thus examined home cage locomotion, sociability
measures, and locomotion in a social context in B6 mice that were socially isolated and
administered serenic doses of nicotine. Home cage locomotion was modestly (~30%), but
significantly, reduced by 0.25 mg/kg nicotine administration compared to vehicle injection
10 minutes prior to locomotor recording for a single 10-minute epoch [Time spent moving:
T(4) = 3.42, P = 0.03; Total distance traveled: T(4) = 3.04, P = 0.04; paired t-test] (Fig. 3A).

To test sociability, socially isolated B6 mice were administered 0.25 mg/kg nicotine or
vehicle and placed in a sociability chamber (Fig. 3B), and location and locomotor data were
recorded before and after the addition of a male group housed B6 “stimulus™ mouse.
Analysis of variance of the social approach scores (see methods) revealed a main effect of
stimulus mouse addition [F(1,22) = 13.76, P = 0.001] but no significant main effect of
treatment [F(1,22) = 0.20, P = 0.66] and no significant stimulus mouse X treatment
interaction [F(1,22) = 0.41, P = 0.53] (Fig. 3C, top). Similarly, analysis of variance of the
cylinder sniffing scores revealed a main effect of stimulus mouse addition [F(1,22) = 13.62,
P = 0.001] but no significant main effect of treatment [F(1,22) = 0.35, P = 0.56] and no
significant stimulus mouse X treatment interaction [F(1,22) = 1.09, P = 0.31] (Fig. 3D, top).
Change scores, which represent the difference in the social approach or cylinder sniffing
score in the presence of the stimulus mouse vs. the absence of the stimulus mouse, were also
calculated for both social approach and cylinder sniffing, neither of which significantly
differed by treatment [Social approach change score: T(22) = 0.64, P = 0.53; Cylinder
sniffing change score: T(22) = 1.05, P = 0.31, unpaired t-test] (Fig. 3C-D, bottom). Finally,
analysis of variance of the distance traveled during the sociability testing revealed
significant main effects of treatment [F(1,22) = 7.87, P = 0.01] and stimulus mouse [F(1,22)
=5.40, P = 0.03], and a significant stimulus mouse X treatment interaction [F(1,22) = 17.62,
P = 0.0004]. Post hoc analysis revealed a significant difference between vehicle and nicotine
treated mice only in the absence of the stimulus mouse (P < 0.001) (Fig. 3E, top). Analysis
of time spent moving revealed a significant main effect of treatment [F(1,22) =5.90, P =
0.02], no main effect of stimulus mouse [F(1,22) = 0.15, P = 0.70], and a significant
stimulus mouse X treatment [F(1,22) = 8.49, P = 0.008] (Fig. 3E, bottom). Post hoc analysis
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again revealed a significant difference of time spent moving only in the absence of the
stimulus mouse (P < 0.01). Taken together, these results show that while acute injection of
nicotine 0.25 mg/kg reduces home cage locomotion of a solitary mouse, nicotine treated
mice do not display deficits in time spent in social interaction, and the presence of a social
mouse negates the modest hypolocomotor effect, suggesting that the serenic activity of
nicotine in resident-intruder tests cannot be entirely explained by locomotor or sociability
changes.

3.3 Differential effects of nAChR antagonists on serenic effects of nicotine and locomotor

depression

To identify the mechanisms underlying the reduction in aggressive behavior following acute
nicotine administration in mice, we used pharmacological agents in a between-subjects
approach to antagonize the two major subclasses of NAChR in the brain: heteromeric
nAChRs and homomeric a7 nAChRs. The between-subjects approach was used to eliminate
confounding by numerous injections to the same animal. We used dihydro-f-erythroidine
(DHBE, 3 mg/kg) pretreatment to block heteromeric (primarily f2-containing) nAChRs 15
minutes prior to treatment with nicotine 0.25 mg/kg or vehicle, and then tested aggression in
resident-intruder tests 10 minutes later. A control group received vehicle pretreatment
followed by vehicle treatment, and a positive control group received vehicle pretreatment
followed by nicotine 0.25 mg/kg treatment. Pretreatment with DHBE did not block the
serenic effect of nicotine as measured by percent attacking residents [vehicle pretreatment/
vehicle treatment vs. vehicle pretreatment/nicotine treatment: x2(1, N =28) = 3.59, P =
0.058; DHPBE pretreatment/vehicle treatment vs. DHBE pretreatment/nicotine treatment:
x2(1, N = 27) = 4.46, P = 0.035], latency to attack [Vehicle pretreatment, nicotine vs. vehicle
treatment; HR = 0.35, 95% CI: 0.11 — 1.06, P = 0.06; DHpE pretreatment, nicotine vs.
vehicle treatment: HR = 0.32, 95% ClI: 0.10 — 1.06, P = 0.06], or number of attacks as
evidenced by a main effect of treatment [F(1,51) = 8.48, P = 0.005] but no significant main
effect of pretreatment [F(1,51) = 0.79, P = 0.38] and no significant treatment X pretreatment
interaction [F(1,51) = 0.46, P = 0.50] (Fig. 4A—C). We then tested whether nicotine’s
serenic effect requires a7 nAChRs, and pretreated mice with the a7-selective antagonist
methyllycaconitine (MLA, 5 mg/kg) 15 minutes prior to nicotine (0.25 mg/kg) or vehicle
administration in a similar between-subjects approach with B6 mice. We found that
pretreatment with MLA eliminated the serenic effect of acute nicotine injection, as we
observed no difference in percent of attacking mice [y2(1, N = 34) = 0.13, P = .71], latency
to attack [MLA pretreatment, nicotine vs. vehicle treatment: HR = 0.86, 95% CI: 0.35-2.09,
P =0.73], or number of attacks as evidenced by no significant main effect of treatment
[F(1,58) = 1.27, P = 0.26] or pretreatment [F(1 ,58) = 0.024, P = 0.88], but a significant
treatment X pretreatment interaction [F(1,58) = 4.80, P = 0.033] (Fig. 4D-F). Furthermore,
MLA pretreatment, regardless of subsequent nicotine or vehicle treatment, resulted in mice
with aggressive properties similar to vehicle pretreatment/vehicle treatment controls,
suggesting blockade of nicotine’s effect by MLA rather than a serenic effect of MLA itself
and no additive effect by nicotine. These data suggest that NAChRs sensitive to MLA, likely
the a7 receptor, are required to mediate the serenic effect of acute nicotine injection at 0.25
mg/Kkg.
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Finally, as a positive pharmacological control for DHBE, we performed the same
pretreatment paradigm with DHBE (3 mg/kg) or vehicle 15 minutes prior to nicotine 0.25
mg/kg or vehicle treatment, and then 10 minutes later recorded the home cage distance
traveled and time spent moving for 10 minutes as an assessment of locomotor activity.
Analysis of variance revealed a main effect of pretreatment with DHBE on distance traveled
[F(1,16) = 13.30, P = 0.002] (Fig. 4G). Post hoc analysis demonstrated pretreatment with
DHBE blocked the hypolocomotor effect of acute nicotine treatment on distance traveled
(DHBE pretreatment, vehicle vs. nicotine treatment: P > 0.05; DHBE vs. vehicle
pretreatment, nicotine treatment: P < 0.05). Similar findings were obtained when time spent
moving was analyzed (data not shown). These data serve as a positive control for DHBE’s
pharmacological effects as our findings were similar to previous data reporting that genetic
deletion of the 2 subunit in B6 reduced acute nicotine’s hypolocomotor effect [25].
Furthermore, because DHPBE reduced nicotine hypolocomotion but did not reduce nicotine’s
serenic effect, these results provide complementary evidence that the serenic effect of
nicotine is likely not secondary to general hypolocomotor effects.

3.4 Acute administration of an a7 nAChR partial agonist reduces aggressive behavior in

mice

To determine whether activation of a7 nAChRs was sufficient to reduce aggression, we
administered the a7 partial agonist GTS-21 (also known as DMXB), which has been shown
to enter the brain rapidly following peripheral administration and to normalize sensory
inhibition in DBA/2 mice [26]. Using a within-subjects design, administration of GTS-21 10
min prior to initiation of the resident-intruder test reduced the percentage of residents
attacking within 10 minutes [N = 9, vehicle: 78%, GTS-21 (10 mg/kg): 78%, GTS-21 (17
ma/kg): 22%; vehicle vs. GTS-21 17 mg/kg: P = 0.06; McNemar test] (Fig. 5A). GTS-21 at
17 mg/kg also increased latency to first attack significantly [HR = 0.20, 95% CI: 0.04 -
0.97, P =0.045] (Fig. 5B). Finally, GTS-21 treatment reduced the total number of attacks
[F(2,16) = 4.23, P = 0.03], and post hoc analysis revealed a significant effect at the 17
mg/kg dose (P < 0.05) (Fig. 5C). GTS-21 at 10 mg/kg reduced the number of attacks by
~40%, however this effect did not reach statistical significance. These results provide
additional evidence that activation of a7 nAChRs can decrease aggression in mice.

4. Discussion

The current study shows that acute systemic administration of nicotine at low to moderate
doses reduced indices of aggression in three diverse mouse strains, that the serenic effect of
nicotine in B6 mice is specific for aggression rather than secondary to hypolocomotion or
altered sociability, and that activation of a7 nAChRs is sufficient to reduce aggression
whereas an a7-selective NAChR antagonist blocks the serenic effect of nicotine.

The current results are consistent with previous work showing that acute nicotine
administration reduced aggression in cats [7] as well as in rat pair encounters, shock-induced
fighting, and muricide assays [8-12]. Previous studies of the effect of nicotine on aggression
in mice have shown that nicotine can reduce offensive aggression measures in socially-
isolated Swiss Webster mice in home cage resident-intruder encounters [13], however this
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study did not evaluate the contribution of locomotor or sociability changes due to nicotine.
In neutral cage encounters of socially-isolated OF1 mice with anosmic opponents, nicotine
administered either acutely or chronically did not reduce aggression, whereas lobeline, a less
specific NAChR agonist that also interacts with the dopamine transporter and vesicular
monoamine transporter [27] reduced aggression even at doses that did not affect locomotion
[28, 29]. Acute nicotine administration also did not influence sociability significantly in
socially isolated OF1 mice [30]. In contrast with other studies, male albino mice
administered nicotine i.p. or intraventricularly demonstrated potentiated aggression in a
footshock-induced aggression paradigm [31]. It is important to note that the current study
used socially isolated resident mice in resident-intruder assays, similar to those performed in
Swiss Webster mice [13], while the studies finding no effects of nicotine used neutral cage
encounters [28, 29]. It is possible that the neural mechanism of territorial aggression
expressed in the resident-intruder assay is not entirely identical to that engaged during
neutral cage encounters, and that in mice acute administration of nicotine may preferentially
act on the former. Finally, it is possible that the differing effects of nicotinic agents in
previous mouse studies is due to variability in the nAChR subtype selectivity across agents
or to differential desensitization of various subtypes. The identification of the a7 nAChR as
a critical target for the serenic effects of nicotine in the current study will allow for more
selective activation of this subtype going forward.

The current study identified parallel serenic effects across mouse strains with differing
baseline levels of aggressive behavior, and measured the extent that potentially confounding
factors, such as changes in locomotor activity and non-aggressive social interaction, might
influence the assay’s measure of aggression. We assessed the influence of nicotine across
three diverse mouse strains: B6, BALB/c, and CD1, and found that in all three nicotine
reduced measures of aggressive behavior in social isolation-induced aggression and
resident-intruder assays. This conserved action of nicotine provides strong evidence for its
role as a serenic agent, as acute administration of nicotine to each strain has different
locomotor consequences [22—-24], and the three strains of mice differ in innate aggression
levels [32] and sociability measures [19]. We also found that acute nicotine administration
does not alter sociability, in agreement with previous studies in mice [28, 30, 33].
Interestingly, while acute administration of nicotine (0.25 mg/kg) to solitary B6 mice
predictably reduced locomotion in both home cage and sociability apparatus environments
by ~30% [22], we found that the addition of a social “stimulus™ mouse rescued this
locomotor deficit, providing evidence that locomotor deficits cannot fully explain the
serenic effect of nicotine in our assay. This is consistent with the detailed ethological
analysis performed previously in OF1 mice acutely dosed with nicotine (0 — 0.6 mg/kg) that
found no changes in nonsocial exploration, arguing against a general sedative effect [28].
Finally, the finding that B6 mice pretreated with DHBE do not demonstrate acute
hypolocomotion after acute nicotine administration is consistent with previous findings
showing that pretreatment with DHPBE significantly reduces nicotine’s hypolocomotor effect
[34], and deletion of NAChR B2-containing subunits render B6 mice less susceptible to acute
hypolocomotor effects of nicotine as well as increases baseline locomation in open-field
tests [25, 35], and provides complementary evidence that hypolocomotion cannot fully
explain the serenic effects of nicotine.

Biochem Pharmacol. Author manuscript; available in PMC 2016 October 15.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lewis et al.

Page 12

The use of pharmacological agents targeting specific nAChR subtypes serves as a starting
point from which to explore the molecular mechanisms underlying the serenic action of
nicotine, and by extension, the effects of nAChRs on aggressive behavior. We find that the
heteromeric nAChR antagonist DHBE (3 mg/kg), a dose that blocks nicotine’s enhancement
of contextual fear conditioning in B6 [36], does not influence the serenic effect of nicotine
or have any significant effects on aggression by itself. Further, blockade of the acute
nicotine-induced hypolocomotor response by DHBE pretreatment at the dose that did not
influence aggression provides evidence that this dose penetrated and acted on the central
nervous system, as previous work has shown that the hypolocomotor effect of nicotine in
mice is centrally mediated [34]. These experiments therefore suggest that 32 subunit-
containing nAChRs do not mediate the serenic effect of nicotine. This is consistent with a
study using knockout mice lacking p2 subunit-containing nAChRs ($2~/7) which found no
difference in baseline aggression measures between $2~/~ mice and wild type B6 controls in
a social interaction task following 4-weeks of social isolation [37], despite exaggerated
social interactions of B2/~ mice with a conspecific [38].

Interestingly, 2=/~ mice do exhibit increased measures of “social dominance”, which
suggests that the two closely related but distinct behavioral repertoires can be uncoupled
[37]. Future experiments will test the serenic effects of nAChR-selective agents in mice with
genetic deletion of the B2 or a7 nAChR subunits to complement these pharmacological
findings.

The ability of MLA (5 mg/kg) to block the effects of nicotine on aggressive behavior
suggests that a7 nAChRs are necessary to mediate its serenic action. It should be noted that
MLA is also an antagonist at a6-containing nAChRs [39, 40], so this finding cannot rule out
a contribution of a6-containing NAChRs to the serenic effects of nicotine. This dose of
MLA was chosen because a higher dose (7.5 mg/kg) can precipitate nicotine withdrawal in
mice with a genetic deletion of a7 nAChRs, suggesting higher doses lack subtype-
specificity [41]. Since DHBE did not influence nicotine’s serenic effect, it is unlikely that
non-specific actions of MLA at 32 subunit-containing receptors could explain the effect of
MLA. Like B2 subunit-containing nAChRs, a7 nAChRs are widely expressed in mouse
brain, including in regions that regulate aggression and related behaviors, such as cortex,
hypothalamus, hippocampus, and amygdala [42, 43]. a7 nAChRs are ionotropic receptors
that generate an excitatory current but are also prone to desensitization by nicotine [44, 45].
If nicotine’s serenic action were due to desensitization of a7 nAChRs, we might expect
MLA on its own to be serenic, which is not supported by the current data. Rather, following
administration of MLA, nicotine-treated mice attack in a similar manner to control mice.
Activation of a7 nAChRs can increase the release of serotonin [46-48], GABA [49], and
dopamine [5, 50, 51], all of which are neurotransmitters classically involved in regulation of
aggressive behavior, providing potential mechanisms for serenic effects of nicotine. It is
unknown whether the expression profile of nAChR subunits differs in increasingly
aggressive mice in brain regions that govern aggression such as VMHvI. Future experiments
will address this question as such changes may provide rationale to design increasingly
selective pharmacological agents to target pathological aggression.
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Our finding that acute administration of GTS-21, a partial agonist selective for a7 nAChRs
[52-54], reduces aggression supports our hypothesis that activation of a7 nAChRs decreases
aggressive behavior. This finding also supports the sufficiency of a7 nAChR activation for
this behavioral effect, which could not be concluded from MLA alone given its activity at
aB-containing nAChRs, although. It should be noted that the effect of GTS-21 on a6-
containing nAChRs is not well studied. Future experiments in knockout mice will further
clarify this issue. In DBA/2 mice, GTS-21 normalizes abnormal inhibition of auditory
responses [26] that are believed to be secondary to reduced hippocampal a7 expression [55].
Similar deficits in auditory evoked responses are observed in humans with schizophrenia,
and DMBX-A (GTS-21) can correct such deficits along with improvements in certain
neurocognitive tasks [56]. It is important to note that our experiments found effects of
GTS-21 on aggression only at higher doses than those required to normalize auditory
inhibition in DBA/2 mice [26], which may be secondary to pharmacokinetic differences
between mouse strains, need for greater receptor activation to reduce aggression, or other
parameters. Previous studies in CD1 mice, however, show that GTS-21 does not alter
locomotion at doses less than 62 pmol/kg (~24 mg/kg), suggesting that the serenic effect
observed at 17 mg/kg was likely not secondary to hypolocomotion [53]. It should also be
noted that a metabolite of GTS-21 has weak activity at 5-HT3 receptors [57], so the current
study cannot rule out off-target effects. a7 nAChRs are implicated in multiple
neuropsychiatric disorders that can feature comorbidity with aggressive behavior, including
autism spectrum disorder [58-60], 15913.3 microdeletion syndrome that frequently presents
with autism and aggression [61-64], schizophrenia [65], and attention deficit hyperactivity
disorder [66]. Pharmacological agents with activity at a7 nAChRs have been studied in
humans with some of these disorders [67, 68], focusing primarily on cognitive function and
in some cases, irritability or mood symptoms. The current data suggest that further study of
the role of nNAChRs, especially a7 nAChRs, may contribute to understanding
neurobiological mechanisms underlying aggressive behavior, and could represent a novel
mechanism of action for serenic agents that would meet a great clinical need.
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Figure 1.
Single-housed male C57BL/6 mice were tested in resident-intruder assays after vehicle or

nicotine administration and percentage of attacking mice (A), latency to first attack (B, C),
and number of attacks (D) were measured; N = 19 mice, within-subject testing. Following an
aggressive encounter or a control condition without exposure to an intruder mouse, c-Fos
positive cells were measured in two regions implicated in aggressive behavior in mice: the
ventromedial hypothalamus (VMH, dotted oval) ventrolateral portion (v, arrow) and the
medial amygdala posterior part (MEAp: combination of posterordorsal (pd) and
posteroventral (pv)); N =5 mice per treatment condition (E). Error bars represent S.E.M.
Scale bar in E, 200 microns. *P < 0.05; **P < 0.01, ***P < 0.001 vs. vehicle-treated group.
bma, basomedial amygdala. opt, optic tract, v, third ventricle.
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Single-housed male BALB/c (A-C) or CD1 (D-F) residents were tested in resident-intruder
assays after vehicle or nicotine administration and percentage of attacking mice (A, D),
latency to first attack (B, E), and number of attacks (C, F) were measured; N = 10 mice per
strain, within-subject testing. Error bars represent S.E.M. #P = 0.067; **P < 0.01 vs.
vehicle-treated group.
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Figure 3.
Nicotine (0.25 mg/kg) or vehicle was administered to single-housed male C57BL/6 resident

mice. Ten minutes after injection, home cage total distance traveled (A, left) and total time
spent moving (A, right) were recorded for an additional 10 minutes; between-subjects
testing, N = 5 mice per treatment condition. A sociability apparatus (B) was also used to test
time of interaction and locomotor properties in social encounters with a stimulus mouse. 10
minutes after nicotine (0.25 mg/kg) or vehicle administration, a single-housed C57BL/6
mouse was placed in the sociability apparatus. After 5 minutes, a stimulus mouse was added
to one cage for another 5 minutes and social approach and cylinder sniffing scores (C, D,
upper panels), change scores (C, D, bottom panels), distance traveled (E, upper panel), and
time spent moving (E, lower panel) were measured for each 5 minute time block; between-
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subjects testing, N = 12 mice per treatment condition. Error bars represent S.E.M. *P < 0.05;
**P < 0.01; ns, not significant.
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Figure 4.

Single-housed male C57BL/6 mice were pretreated with the heteromeric NAChR antagonist
dihydro-B-erythroidine (DHBE, 3 mg/kg) (A-C) or the homomeric nAChR antagonist
methyllycaconitine (MLA, 5 mg/kg) (D-F) 15 minutes prior to injection with nicotine (0.25
mg/kg) or vehicle. Control groups were pretreated with vehicle followed by treatment with
vehicle or nicotine. Percentage of attacking mice (A, D), latency to attack (B, E), and total
number of attacks (C, F) were recorded; between-subjects testing: N = 14 for vehicle/
vehicle, vehicle/nicotine, DHBE/vehicle; N = 13 for DHBE/nicotine; N = 17 for MLA/
vehicle and MLA/nicotine. Note the vehicle/vehicle and vehicle/nicotine data shown in A-C
and D-F are from one experiment that is duplicated for comparison to both antagonist
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groups. Home cage distance traveled was recorded 10 minutes after pretreatment with either
vehicle or DHPBE followed by treatment with either vehicle or nicotine (0.25 mg/kg) (G);
between-subjects testing: N = 5 per treatment condition. Error bars represent S.E.M. *P <
0.05. #P = 0.06 vs. respective vehicle-treated group; ns, not significant.
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Figure 5.
Single-housed male C57BL/6 residents were tested in resident-intruder assays after vehicle

or GTS-21 administration and percentage of attacking mice (A), latency to first attack (B),
and number of attacks (C) were measured; N = 9, within-subject testing. Error bars represent
S.E.M. P = 0.06; *P < 0.05 vs. vehicle-treated group.
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