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Sex differences in appetitive and reactive aggression
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Aggression is an evolutionarily conserved, adaptive component of social behavior. Studies in male mice illustrate that aggression is
influenced by numerous factors including the degree to which an individual finds aggression rewarding and will work for access to
attack and subordinate mice. While such studies have expanded our understanding of the molecular and circuit mechanisms of
male aggression very little is known about female aggression, within these established contexts. Here we use an ethologically

relevant model of male vs. female aggression by pair housing adult male and female outbred CFW mice with opposite sex cage
mates. We assess reactive (defensive) aggression in the resident intruder (RI) test and appetitive (rewarding) aggression in the

aggression conditioned place preference (CPP) and operant self-administration (SA) tests. Our results show dramatic sex differences
in both qualitative and quantitative aspects of reactive vs. appetitive aggression. Males exhibit more wrestling and less investigative
behavior during R, find aggression rewarding, and will work for access to a subordinate to attack. Females exhibit more bites,

alternate between aggressive behaviors and investigative behaviors more readily during RI, however, they do not find aggression to
be rewarding or reinforcing. These results establish sex differences in aggression in mice, providing an important resource for the

field to better understand the circuit and molecular mechanisms of aggression in both sexes.

Neuropsychopharmacology (2022) 47:1746-1754; https://doi.org/10.1038/s41386-022-01375-5

INTRODUCTION

Aggression exists along a spectrum from adaptive to maladaptive
and is governed by both reactive (defensive) and appetitive
(rewarding) drives. The transition away from an adaptive state can
be associated with neuropsychiatric conditions and presents a
challenge to patients and caregivers. Modeling and understanding
the behavioral etiology of aggressive behavior is therefore a
health priority with the potential to guide therapeutic interven-
tions across a number of neuropsychiatric diseases. In mice,
aggressive behavior serves as an evolutionary adaptation for
survival [1] and engages highly conserved neural mechanisms [2].
However, while aggression is often a focus of both popular and
scientific inquiry and highly evolutionarily conserved, very little is
known about the neural and behavioral mechanisms controlling
aggression-related sex differences.

Preclinical behavioral models developed in males have allowed
for direct comparison of reactive and appetitive aggression [3-5].
Typically, reactive aggression is investigated using the resident
intruder (RI) test in which a male intruder is introduced to the
home cage of a male resident and they are allowed to freely
interact [6]. To assess aggression reward, aggression conditioned
place preference (CPP) can be used where male mice will display a
preference for contexts previously associated with opportunities
to attack a naive conspecific [7-9]. However, like RI testing, this
procedure uses forced involuntary social interactions and there-
fore cannot fully dissociate reactive from appetitive components.
To overcome this, several groups have developed social operant

tasks that measure voluntary appetitive aggression seeking in
male mice [10-13], and established that appetitive aggression can
transition to compulsive addiction-like behavior in some mice [8].

While these procedures have proven effective for studying
aggressive behavior and the underlying neurobiology in animal
models, studies have focused nearly entirely on males. Male
aggression is typically studied in the context of isolated housing to
enhance aggression, yet under similar conditions, naive female
mice do not show comparable intruder-directed aggression. To
overcome this, alternative model organisms can be used such as
Syrian hamsters [14] and California mice [15], or with mouse
models of gestational aggression [16-18]. However, there are
limitations to these alternate models: (i) only mouse models can
presently exploit the broad transgenic toolbox available to
understand circuit and molecular mechanisms, and (ii) gestational
aggression models are not ideal for evaluating sex differences in
aggressive behavior since these behaviors are linked to hormonal
changes specifically associated with pregnancy, parturition, and
lactation.

Two recent studies have revisited female aggression during RI
tests using outbred mouse strains, as opposed to the more
typically used inbred strains, and have found that naive outbred
CFW mice display similar levels of aggression as males. Outbred
mouse strains such as CD1 and CFW have gained popularity in
aggression-related studies due to their high individual variability
in innate aggressive behavior (Chia et al, 2005, [9]). Similarly,
isolated sex-naive female outbred CFW, but not inbred C57BL6/J,
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mice will attack juvenile male or adult female C57BL6/J intruders
in the home cage [19], and female CFW mice pair-housed with a
castrated male partner will attack adult female C57BL6/) mice,
with similar but non-identical behavioral strategies to males [20].
The establishment of a female RI procedure opens the door for sex
comparisons of the neurobiological substrates of reactive aggres-
sion, but currently, there are no direct comparisons of appetitive
aggression in males versus females.

To further develop preclinical models of aggression, we directly
compared adult male and female CFW mice in reactive and
appetitive aggression procedures to evaluate sex as a biological
variable. The evaluation of sex differences in aggression are
compounded by the need for detailed annotation of behavioral
actions and sequences. Typically, only gross measures of
aggression, are reported. This lack of in-depth behavioral analysis
obscures potential differences in specific behaviors and their
sequences. Building upon a recent study in male mice [21], we
utilized a discrete state hidden Markov model (HMM) to define sex
differences in aggression. HMMs analyze the ordering, clustering,
and transitions between actions and are able to cluster time-series
of behavior into distinct hidden states. These models have been
used extensively in analyzing sequences of speech, gestures,
animal behavior, and the analysis of gene and protein sequences
[22-25]. The discrete state HMM allowed us to examine the
sequential composition of social behaviors and the hidden states
which contribute to male versus female aggression. We also tested
whether there are differences in reactive or appetitive aggression
between male and female mice.

We therefore set out in this study to accomplish two goals: (i)
to elaborate upon a mouse model of aggressive behavior
encompassing a broad suite of ethologically relevant and
reward-related behavioral metrics, and (i) to compare reactive
and appetitive aggression between male and female mice. Our
findings demonstrate clear sex differences in the behavioral
sequences that make up bouts of aggressive and investigative
behavior. Further, using both aggression CPP and operant social
self-administration (SA) procedures, we show that female CFW
mice in these contexts do not exhibit context-dependent
aggression reward nor do they exhibit appetitive aggression-
seeking behavior. To our knowledge, this is the first report of sex
differences in appetitive vs. reactive aggression in mus musculus.
Together these data support distinct patterns of aggressive
behavior between males and female outbred mice and under-
score the importance of future research to identify detailed
mechanisms by which different sexes express aggressive
behavior.

METHODS

Mice

10-week-old CFW mice (Charles River Laboratories) were used for all
studies. Females were pair-housed with a castrated male for the study
duration [20] and males were pair-housed for 48-hr with stimulus females
prior to isolate housing. Subject males were separated from group-housed
cage mates and paired with a female for 2-d, then singly housed for an
additional 10-d before all protocols. This procedure was used in order to
acquire roughly equal amounts of aggressors (AGG) and non-aggressors
(NON) without affecting the amount of aggression observed in AGGs.
Females were housed with surgically castrated male CFW mice (see
supplemental methods) for at least 14-d before all protocols. 12-week-old
C57BL/6J mice were used as intruders for all social interactions. All studies
were conducted during the light cycle. Procedures were performed in
accordance with the National Institutes of Health Guide for Care and Use of
Laboratory Mice and approved by the Icahn School of Medicine at Mount
Sinai Institutional Animal Care and Use Committee. To assess the role of
traditional isolate housing versus the modified pair housing condition
introduced in [20], additional control groups of two-week isolated males
and females were used as subjects at the University of Washington. All
studies were conducted during the dark cycle. Procedures were performed
in accordance with the National Institutes of Health (NIH) Guide for Care
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Use of Laboratory Mice and approved by the University of Washington
Institutional Animal Care and Use Committee.

Aggressor Screening and Resident-Intruder (RI) Test

Mice were screened using protocols adapted from previous studies [6, 9].
Briefly, cage tops were removed and replaced with Plexiglas covers to
monitor trials. Before initiating trials with paired female mice, the
cohabiting male mouse was removed to a holding cage until completion
of test. A novel C57BL/6J mouse matching the sex of the resident was
introduced into each cage and mice were allowed to freely interact for
5-min. After 5-min elapsed, intruder mice were returned to their home
cages and, in the case of female resident-intruder trials, cohabiting male
mice were returned to their home cages. All videos were recorded for
later analysis. Resident behaviors from the Mount Sinai videos were
manually annotated using Observer XT 11.5 (Noldus Interactive
Technologies).

Aggression Conditioned Place Preference (CPP)

CPP testing was conducted in three phases as previously reported [7, 9]:
pre-test, acquisition, and post-test. Mice were habituated to test rooms 1 h
before acquisition or test trials. All phases were conducted under red light
and in sound-attenuated conditions. The CPP apparatus (Med Associates)
has a neutral middle zone that allowed for unbiased entry and two
conditioning chambers with different walls and floors.

Appetitive aggression SA

Following RI training, each group was further separated into mice who
were either AGG or NON during Rl testing. Only one male was NON, and as
such only AGG males were tested in operant SA. While all CFW mice in this
group underwent Rl testing, previous work demonstrates that male CD1
mice that have not undergone previous Rl testing acquire aggression self-
administration at rates ranging from 57-81% [8]. These results suggest that
prior resident intruder experience is not necessary to elicit appetitive
aggression self-administration.

3-d following RI testing, mice underwent 1-d of magazine training, in
which they were exposed to operant cues (house light and a two-second
tone) in addition to a same-sex intruder mouse entering the operant
chamber (3 times each). On the following day, mice underwent SA training
every other day for 9-d as previously described [8]. Researchers were
present throughout all aggression testing to ensure that no mice were
injured. Mice with an average of 3 presses or less across days 4-8 of
training were considered non-acquirers.

See supplemental material for a full description of the methods.

RESULTS

Gross characterization of social behavior in male and female
mice

We focused our analysis on Day 3 of the RI test given that this
when aggressive behavior is at its highest [6, 9]. On the third day
of Rl, both male and female AGGs engaged in more aggressive
behavior than NONs (Phenotype F;, 51)=36.20, p <0.0001, Male
AGG vs. Male NON, p=0.0002, Female AGG vs Female NON,
p =0.001), and there were no differences in duration or latency to
attack between male and female AGGs (p > 0.05) (Fig. 1B, C). There
were no differences between groups in investigative behavior
(Sex: F, s1y=2947, p=0.0920. Phenotype: F;, s1)=0.6242
Fig. 1D). Male NONs displayed a shorter latency to investigate
intruders (Phenotype X Sex interaction F(;, s;)=5.003, p =0.0297,
Male NON vs Male AGG, p =0.0139, Fig. 1E).

Male and female mice display distinct suites of social behavior
We next investigated whether male and female AGGs/NONs
displayed distinct aggressive and/or investigative behaviors. We did
not find any differences in anogenital (Sex: F(;, 51y = 04110, p = 0.5243
Phenotype: F; s1y=1.141, p=0.2905, Interaction: (;, s7y=0.2701,
p=0.605) or flank investigation (Sex: F;, s1)=04182 p =04551,
Phenotype: F;; s1)=0.0577, p=0.8904, Interaction: Fy; s;)=10.3814,
p =0.490) between any of the four groups (Fig. 2A, Q). Interestingly,
we found that females engaged in significantly more facial
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Male and Female CFW mice engage in similar amounts of aggressive and investigative social behavior. A Schematic illustrating the

housing conditions prior to the resident intruder test. B Total attack duration (B) and latency (C) did not significantly differ in male and female
AGGs. D Total investigation. All groups show similar levels of social investigation E Investigation latency. Male NONs had a significantly shorter

latency to investigate the intruder than male AGGs.

investigation than males, regardless of their phenotype (F(;, 51y = 9.54,
p = 0.0032, Interaction: F; s5;)=0.03007, p = 0.8630, Fig. 2D). We also
observed that AGGs, regardless of their sex, engaged in more
allogrooming than NONs (Phenotype: F; sy=4.574, p=0.0373),
although only female AGGs were significantly different from female
NONs (p =0.0412, Fig. 2B). We also found a main effect of both sex
(Fa, 51y =131.46, p <0.0001) and phenotype (F(;, 51y = 13.40, p = 0.006)
with no interaction (F4 s51)=3.690, p=0.06) on the number of
withdrawals observed (Fig. 3E). female AGGs displayed a higher
number of withdrawals than male AGGs (p <0.0001) and female
NONSs (p = 0.0022).

SPRINGER NATURE

When examining aggression, we observed that male and female
mice engage in qualitatively distinct behaviors on day 3. Male
AGGs engaged in wrestling behavior, in which the resident male
lunges at the intruder and tumbles around the home cage, while
female AGGs did not engage in this behavior at all (t(15) =3.571,
p = 0.0034, Fig. 2F). Although some females did engage in lunging
behavior, it was to a lesser extent than male AGGs (t(15) = 2.070,
p =0.054, Fig. 2G). Females delivered more bites than males
(t(15) = 2.104, p = 0.046, Fig. 2I) with a and there was a trend for
females to exhibit more kicks than males (t(15)=2.005,
p=0.0632, Fig. 2J). These single kicks were usually delivered

Neuropsychopharmacology (2022) 47:1746 - 1754



A.V. Aubry et al.

1749
*
m **k
t A B zC D E akkk Aok
& 300+ 300+ S 3004 8 300,
3 2 o S 1 15 o
n 2 0 S =
~ o Q o @ (-]
2
5 8 aQ Q £ 000
2 200 o & 200 < 200 c 2004 | 3 10-
o = ] i) < °
e % © £ ) ) S o o
el § ¥ o 5100 1001 % 1001 g8 5] ° °° é
= T
= é ) g o @ Z 9 o £ g o ° aw
= S i = = H % ® e o
S ) } < < 0 g 0 0 o °
| i £ o _
g Males  Females Males  Females i Males  Females &  Males Females Males  Females
F G H | 0.0632
100 100 - 100 - 100 * 100 7
€
2 80 T 80 80 — 80 ° _ 8o-
© S = ] 5
= o [ (7]
5 [ 2 2 2
T 60 5 60 £ 60 g 60+ o E 60
~ E = =] ° =
g) @ P = Z ° [ 3
£ 40 3 40 * w 40 % - 40— PP = 40
B ° 2 £ 2 ° £ °
o = 8
§ 204 2 3 204 @ 204 o @ 0] € 204
0- - 0—*—* O_L
Males Females Males Females Males Females Males Females Males Females
K L M
: winarow |
10 wrestie | [N
Zz2 Sox Flank snitf| [ NG
[7]
£ 09 5 CIF acsnitt | [N
t?) LR Lunge -
L 08 1 Allogroom -
P |
07 sie | [l
‘ o Kick ]
20 40 60 80 025 050 075 o 2 q LR

% Data in Training Set

%Trees Predicting Male

Importance
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following a single bite. In contrast, males were more likely to pin
the intruder (t(15) = 2.151, p = 0.0442, Fig. 2H) prior to delivering
a bite.

Given that male and female mice display distinct sets of
investigative and aggressive behavior, we used a random forest
classifier to determine whether trials involving a male or a female
as the resident were distinguishable based on the metrics
quantified in Fig. 2. Trials from day 3 were included in the model.
We tested models in which 20, 40, 60, or 80 percent of the data
was used for training the model (see Methods for details). We
found that when 80% of the data was used to train the model, an
F score of 1 was achieved, indicating a perfect classification of the
remaining 20% of the trials (Fig. 2K, L). We extracted the gini
impurity metric to determine which variables were important for

Neuropsychopharmacology (2022) 47:1746 - 1754

classifying males vs. females. The analysis indicated that with-
drawals, facial investigation, and wrestling were important in
classifying male vs. females (Fig. 2M).

Male and female mice display distinct sequences of social
behavior

For the HMM, we found that a 4-state model best fit the
sequences of observations (see Methods for details) when males
and females were analyzed together. When males and females
were analyzed separately a two-state model fit the data best
(Supplemental Fig. 4). Inspection of the emission probabilities
(Supplementary Table 1) suggests that states 1 and 2 (Persistent
Attack & Intermittent Attack listed below as A1-A2 or 11-12) were
predominantly associated with aggressive actions, with bite being

SPRINGER NATURE
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the most likely behavior to occur when the animal was in these
states. Interestingly, state A2 was also characterized by a relatively
high probability of investigation occurring, while state A1 was
associated with relatively low probabilities of investigation (39%
for state 2, 19% for state 1). Conversely, States 3 and 4 (Full Body
Investigation & Anogenital Investigation) were predominantly
associated with investigative behaviors, with aggressive behaviors
being highly unlikely to occur (6 and 0.06% respectively). These
investigative states were differentiated by the probability of
specific investigative behaviors occurring. While in state 11, there
was a roughly equal probability of anogenital (32%), facial (23%),
and flank investigation (22%) (Supplementary Table 1). However,
while in the anogenital investigation state, the mice were much
more likely to engage in anogenital investigation (34%) rather
than facial (14%) and or flank investigation (15%) (Supplementary
Table 1). To determine whether certain groups were more likely to
be in a particular state, we calculated the percentage of behavioral
observations that occurred in each state for each mouse. We
found that male AGGs had a significantly higher percentage of
their observations in the persistent attack state than female AGGs

SPRINGER NATURE

(Sex x Phenotype interaction F;, 51y =4.556, p = 0.0376, Male AGG
vs. Female AGG, p =0.0111, Fig. 3B).

Conversely, female AGGs had a significantly higher percentage
of their observations in the intermittent attack state compared to
male AGGs (Sexx Phenotype interaction F; s51)=4451,
p =0.0398, Male AGG vs. Female AGG, p =0.0206,Fig. 3C). The
difference between male and female AGGs is likely due to the fact
that females are more likely to investigate the intruder before or
after delivering a bite (36%) compared to males (14%) (Supple-
mentary Table 3A, B) With regard to the full body investigation
state, there was a striking sex difference, with none of the males
showing any observations in this state (F(;, 57y =30.77 p <0.0001,
Male AGG vs. Female AGG, p = 0.0010. Female NON vs Male NON
p =0.0023, Fig. 3E). This phenomenon is due to the fact that
females were more likely to string together multiple investigatory
actions than males (Fig. 3F, Supplementary Table 3A, B). Lastly,
NON mice were more likely than AGGs to be in state 2
(phenotype F(, 51y = 25.85, p < 0.0001, Fig. 3E). Furthermore, Males
were more likely to be in state 12 than females (sex F(;, 57y =30.02,
p < 0.0001, Fig. 3E).

Neuropsychopharmacology (2022) 47:1746 - 1754
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F Females who were not aggressive in the resident intruder screening show increasing rewards over time with steady attacks and decreasing
latency to lever press. They show an increase in exploratory head entries initially which is steady thereafter. G Similar percentages acquired

operant self-administration across groups.

Males, but not females, display aggression reward and
appetitive aggression

In the CPP assay (Fig. 4A), there was a significant effect of time (F
(138 = 8.269, p = 0.006), sex (F (1, 38) =9.952, p=0.003), and a
time X sex interaction (F (1, 38)=3.899, p =0.055). Post hoc
analysis revealed that only male AGGs spent more time in the
paired chambered in the post-test relative to the pre-test (p < 0.05,
Fig. 4B).

Rl screening of mice used for appetitive aggression test. All 29
males were aggressive during at least one RI trial, while 18 of 29
females were aggressive. The three resulting groups (male AGG,
female AGG, female NON) differed significantly in latency to
attack, with NON-females showing significantly longer latency to
attack when compared to AGG male or female mice (p < 0.0001, F
(2, 56) = 14.47) (Fig. 4D).

Males and females learn to self-administer intruders similarly, but
vary in attack behavior. Between male and females AGGs, there
was a significant sexxday interaction in reward and attack
behavior (interaction F,4306 = 3.327, p <0.001, day Fg306 = 6.787,
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p<0.001, sex Fs3306=108.2, p<0.001) with females showing
significantly fewer attacks than males (p < 0.001, df = 306 Tukey's).
Latency to press for an intruder significantly decreased over days
in both males and females (p =0.0151, F (8, 148) =2.475), but
there was no difference in exploratory head entry activity across
days or sex. (p =0.9963, F (8, 153) =0.1520) (Fig. 4E).

Female NONs showed significantly more rewards over time,
but near zero attacks across training days (Interaction
Fgr‘]og =9.277, p< 0.001, Day F8,108 =13.02, p < 0.001, Attack v
Reward Fq 108 =490.9, p<0.001). There were no significant
differences across days in latency to press (F(j 9421165 = 2.658,
p=0.11) or exploratory head entries (F;.977.23.86 =246,
p =0.07). (Fig. 4F).

When compared directly, female NONs and AGGS both
showed increasing rewards over time, with stable but very low
attack frequencies (phenotype x day Interaction F,4 570 = 6.225,
p<0.001, day Fgo70=1871, p<0.0001, phenotype
F3,270 =238.4, p<0.0001). Tukey’'s multiple comparisons test
revealed that NON females showed slightly higher rewards than
AGG females (p =0.0248, means 7.857 and 6.833 respectively),
with no differences in attack behavior (p = 0.9309).
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Rl aggression phenotype does not predict operant self-administration
acquisition. There was no significant difference in the proportion
of mice per group that acquired operant SA, as evidenced by an
average of >3 presses per day for the last five days of training
(male AGG =9/16, female AGG = 10/15, female NON = 7/11, Chi-
square, df =0.3752, 2, p=0.829 Fig. 4G). All mice that did not
acquire self-administration were excluded from analysis.

Housing condition does not appear to impact aggression. Isolated
males showed a trend toward increasing rewards over time
(p =0.057), as well as stable attack frequency (p = 0.701), latency
to press (p =0.514), and exploratory head entries (p = 0.197) over
time (Figure S5B). Separately, isolated females showed increasing
rewards (p < 0.001), stable but low attack frequency (p = 0.0763),
decreased latency to press (p=0.009), and steady exploratory
head entries (p = 0.251) over time (Fig. S5C).

Food training data. A subset of male and females that did not
acquire aggression self-administration were tested for learning
capability via food self-administration testing. There were no sex
or housing differences in food self-administration performance
(p=0.6169, F (6, 49)=0.7440), and we, therefore, collapse
housing conditions across sexes for analysis. There were no
differences between sexes in the amount of food (g/kg) self-
administered (p =0.8402, F (6, 96) =0.4544), though rewards
per day similarly increased over time in both sexes (Fig. S5D).

DISCUSSION

We sought to characterize differences in aggressive and
investigative social behavior in outbred male and female CFW
mice. To this end, we adopted the protocol of Newman et al. [20]
to quantify aggressive social behavior in females. Until now, most
female aggression studies in laboratory mice have resorted to
using lactating females during the postpartum period [17-19, 26].
This is not ideal for evaluating sex differences in aggressive
behavior since these behaviors are linked to hormonal changes
specifically associated with pregnancy, parturition, and lactation.
Utilizing this protocol, we found that when grossly measured as
“aggressive” or “investigative” males and females are largely
similar. Although females tended to engage in more investigation
than males, this effect was only significant on day 1 and waned
with successive bouts of the Rl test.

When rodents approach and contact a conspecific they
engage in sniffing behavior of distinct body parts such as the
face, anogenital, and flank regions [27]. We observed that females,
regardless of their Rl phenotype, engaged in facial investigation
for longer durations than males. The facial area contains different
excretory glands that give off distinct signals to the investigating
animal. The Harderian glands are located near the eyes and
excrete a lipid-containing porphyrins [28] and have been shown
to provide information about the sex and reproductive status of
the individual, which can influence social behavior in males
[29, 30]. Whether certain facial cues more significantly impact
female-female social interaction is unknown and requires
further study.

Males and females also displayed distinct attacking behaviors.
When male residents attacked the intruder, they displayed full-
body lunges and wrestling behaviors that involved the two mice
tumbling around the cage at very high speeds. This is in contrast
to females, who were more likely to deliver a series of bites
followed by a single kick with their hindlimbs. Male aggression
thus seems much more explosive and offensive whereas female
aggression seems tamer and possibly defensive in nature. This is
in line with a previous study [18] which found that male bouts
were more contact-oriented with the male intruder having a
higher chance of getting wounded from the bout relative to
female intruders. In contrast, females were more likely to attack
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with a single bite or “jump-attack” followed by the resident
withdrawing from the encounter.

As mentioned above, we employed a discrete state HMM.
Although Markov chains have been used to examine aggressive
behavior in males in the past [31, 32] this is the first instance of a
hidden state model being used to compare aggressive behavior in
male and female mice. We found that a 4-state model best fit our
behavioral observations. Of these 4 states, states 1 and 2 were
dominated by aggressive behaviors while states 3 and 4 were
dominated by investigative behaviors. Interestingly, the “aggres-
sive states” could be further differentiated by the probabilities of
particular behaviors occurring. Although both states 1 and 2 were
associated with a high level of aggression occurring, only state 2
was associated with a high level of investigation also occurring.
This suggests that state 1 is characterized by persistent attacking
for prolonged periods of time, while state 2 is characterized by a
mix of both investigative and aggressive actions. Given the above
discussion regarding the qualitative differences in attack behavior
in males and females, it is not surprising that male AGGs had a
greater proportion of their behaviors in state 1 whereas female
AGGs had a greater proportion of their behaviors in state 2.

As with states 1 and 2, states 3 and 4 can also be further
differentiated based on which particular behaviors were more
likely to occur. State 3 was characterized by a roughly equal
probability of any of the three main investigatory behaviors
occurring, while state 4 was also characterized by a relatively high
probability of AG investigation occurring relative to other modes
of investigation. Strikingly, none of the behavioral sequences
demonstrated by males were characterized as being in state 3.
This is likely due to the fact that females were more likely to string
together multiple investigative behaviors in succession, while
males predominantly engaged in AG investigation or ended the
interaction and then re-engaged in AG investigation during a
separate bout. In contrast males tend to engage in interaction
bouts that consist solely of one of the two types of social behavior
(aggressive or investigative), terminate the bout, and then re-
engage in a separate bout.

Although male and female AGGs displayed robust levels of
reactive aggression, they differed with regard to aggression
reward and the acquisition of appetitive aggression. The CPP
experiment revealed that only male AGGs developed a preference
for the side paired with aggressive experience, suggesting they
find it to be rewarding or reinforcing. In line with these findings,
while both males and females acquired SA behavior, only males
attacked during the subsequent social interaction bout with the
intruders. We can speculate that the robust female social self-
administration may be affiliative, rather than aggressive, when
social interactions are volitional rather than forced. These data
agree with recently published work using outbred CD1 female
mice, where female mice readily lever press for sensory contact to
female partner mice [33]. However, our data also caution against
the use of purely barrier-based social self-administration proce-
dures in males and females due to the potential incongruence in
aggressive behavior between Rl and SA testing. Use of a barrier
and purely sensory contact may mask the ultimate motivation of
the resident mouse. Further, these results indicate that female
CFW mice are a valid model for studying reactive aggression.
Female CFW mice cannot, however, be used to examine appetitive
aggression behavior using operant self-administration procedures.

These results indicate that female CFW mice are a valid model
for studying reactive aggression, which is a departure from the
historical narrative that female mice are only maternally aggres-
sive and can therefore be excluded under the NIH sex as a
biological variable initiative. In striking opposition to our reactive
aggression observations, we find that female CFW mice that
exhibit strong reactive aggression do not exhibit appetitive
aggression-seeking behavior under these housing and testing
conditions. This mimics the sex difference observed using
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aggression CPP, and suggests a significant behavioral sex
difference between male and female CFW mice regarding the
reinforcing effects of aggression and aggression-seeking behavior.

This work highlights the limitations of developing preclinical
models entirely in males, and highlights the need for a more
parametric exploration of female aggression. While our study
demonstrates that female CFW mice do not demonstrate
aggression reward under currently established male models, there
may be additional manipulations, which could elicit aggression
reward in female mice. Additionally, species in which females
more typically show non-maternal aggression, including California
mice, Syrian hamsters, and prairie voles may all provide
opportunities to directly compare aggression reward across sexes.

Of note, we saw differences in the percentage of males that
were NON versus AGG in Rl testing between Mount Sinai and the
University of Washington. Outbred lines, while helpful in studying
individual differences in aggression, can exhibit batch differences
due to the nature of their genetic variability, as has been seen in
CD1 outbred mouse aggression testing [21]. As such, variation
between sites in percentage of aggressive CFW mice during Rl
testing is not unexpected.

In summary, we show that despite similar levels of aggression
and investigation, the actions displayed by male and female
residents—which make up the gross measures of social behavior
—are both qualitatively and quantitatively distinct. Our HMM
revealed that females are more likely to switch between
aggressive and investigative behaviors within a given interaction
bout, while males typically engage in only one of these behaviors
per bout. Furthermore, while female outbred CFW mice exhibit
reactive aggression, only male outbred CFW mice displayed robust
levels of appetitive aggression in CPP and SA experiments. Thus,
future studies to disentangle the underlying biology driving these
sex differences are critical.
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