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Introduction

ggression is overt behavior with the intention of
Ainﬂicting physical damage on another individual

(Moyer 1968, 1971). The possibility for aggressive
behavior exists whenever the interests of two or more indi-
viduals are in conflict (Svare 1983). Conflicts are most likely
to arise over limited resources such as territories, food, and
mates. In nature, the social interaction resolves which animal
gains access to the contested resource. In many cases, a sub-
missive posture or gesture on the part of one animal avoids
the necessity of actual combat over a resource. Animals may
also participate in psychological intimidation by engaging in
threat displays or ritualized combat in which dominance is
determined, but no physical damage is inflicted. To facilitate
the study of aggressive interactions, the term “agonistic” was
adopted to describe the entire behavioral repertoire of both
aggressive and submissive actions within the context of a
social interaction (Scott and Fredericson 1951). In the strict
sense, however, submissive behaviors are not really aggres-
sive behaviors; consequently, the physiologic mechanisms
underlying the aggressive and submissive components of an
agonistic interaction may be different (Leshner and Moyer
1975). Aggression and submission may represent the end
points of a single behavioral continuum; alternatively, they
may represent two independent, but interacting, dimensions
of the behaving individual. This is not a trivial semantic
issue, but rather a conceptual issue that influences the man-
ner in which the neural and endocrine bases of agonistic
behavior are studied (Schlinger and Callard 1990).

Many laboratory studies on aggression use domesticated
house mice (Mus musculus), which are normally quite docile.
Consequently, the mice must often be put into artificial
situations that promote aggression, for example, they are
housed in isolation or given an electrical shock. Female mice
housed in groups will also attack a novel lactating female.
More natural examples of laboratory-studied types of murine
aggression include maternal aggression and male territorial
aggression.
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Types of Aggression in Mice

Aggression has been divided into various types for ease of
classification (Moyer 1968, 1971; Wilson 1975) (Table 1),
and the different types of aggression appear to have different
neuroendocrine bases. Maternal aggression, which serves to
protect the offspring from intruders, appears to be mediated
by hormonal changes associated with the production of off-
spring (Gammie and Nelson 1999). Specific relationships
among blood concentrations of estrogens, progestins, and
prolactin during the last days of pregnancy are correlated
with the onset of maternal aggression (Bridges 1996).
Steroid hormones also underlie other types of aggressive
behavior. Intermale aggression and territorial aggression, as
well as sex- and rank-related aggression, all appear to be
mediated by androgens (Bouissou 1983). These types of
aggression are most commonly studied in the laboratory and
are tested by the so-called resident-intruder paradigm (see
below). Predatory aggression is another type of aggressive
behavior that is performed in the context of obtaining food.
The motivation and neuronal mechanisms underlying preda-
tory aggression are likely different from the motivation and
physiologic mechanisms underlying other types of aggres-
sion. Learned aggression and irritable aggression are often
studied in the form of restraint aggression, which results
after an animal is held motionless. Another type of agonistic
behavior commonly studied in the laboratory has been called

Table 1 Types of murine aggression

Type of aggression Reference?

Antipredatory Wilson 1975, p. 343

Defensive Wittenberger 1981, p. 614

Displaced Immelmann and Beer 1989,
p. 247

Fear (frustration)-induced Immelmann and Beer 1989,
p. 114

Intrasexual (usually
male-male)
Isolation-induced

Wittenberger 1981, p. 617

Immelmann and Beer 1989,
p. 114

Maternal (parental) Olivier et al. 1995, p. 85

Predatory Moyer 1968, p. 67
Sexual Wilson 1975, p. 242
Territorial Wilson 1975, p. 242
aSee text.
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fear-induced aggression, but this is more correctly termed
“defense.” Notably, the physiologic control of aggression in
these contrived situations is likely to differ from the physi-
ologic mechanisms underlying natural expressions of aggres-
sive behavior. Tests of aggressive behavior in mice with
targeted deletion of specific genes have been limited to
isolation-induced and resident-intruder tests of males and
maternal aggression of females (Table 2).

Types of Aggression Tests

Several models of aggression focus on the offensive compo-
nents of agonistic interactions in knockout mice. Offensive
behavior in this context is characterized by initiation on the
part of the aggressive animal that often leads to damage to
the opponents (Krsiak 1974). It follows a defined temporal
course, occurring in episodic fashion with epochs of intense
aggressive behavior alternating with relative quiescence
(Miczek 1983).

In male mice, isolation for several weeks induces an
extensive repertoire of natural agonistic behaviors (Miczek
and Krsiak 1979). These singly housed mice are allowed to
interact with nonaggressive group-housed male mice in an
unfamiliar or neutral arena (isolation-induced aggression

Table 2 Types of aggression in examined
knockout mice

Reference?

Alleva et al. 1998

Demas et al. 1999
DeVries et al. 1997
Nelson et al. 1995
Ogawa et al. 1997
Sallinen et al. 1998

Type of aggression

Isolation-induced
(fear/frustration-induced)

Cases et al. 1995
Chen et al. 1994
De Felipe et al. 1998
Demas et al. 1999
DeVries et al. 1997
Konig et al. 1996
Ledent et al. 1997
Nelson et al. 1995
Ogawa et al. 1997
Saudou et al. 1994
Stork et al. 1997

Resident-intruder
(territorial/intersexual)

Gammie and Nelson 1999

R. Hen, Columbia University,
personal communication,
2000

Maternal

aSee text.
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paradigm) or in their home cage (resident-intruder paradigm).
During these confrontations, the attacker engages in pursuit,
sideways threat, attack bites, and tail rattles, in addition to
several nonagonistic activities such as grooming, rearing,
and walking. Each occurrence of these behavioral elements
can be measured in terms of frequency, as well as the onset
and termination of specific behaviors from both live obser-
vations and video records. Because isolated mice (test animals)
display more attacks as a resident (territorial aggression),
which permits detection of both increases and decreases in
aggression among the genotypes, the resident-intruder is the
most extensive aggression test used in knockout mice (see
Aggressive Phenotype of Various Knockout Mice below and
Table 2). One important problem in conspecific confrontation
is control of the stimuli situation, that is, the variation in the
behavior of the “non-test” intruder. Because the aggressive
behavior of residents responds to the movements of the
opponent (i.e., changes in social investigation), the previous
experience of the intruder can confound the results. A previ-
ously defeated or naive intruder can elicit different reactions
from the resident. This potential problem can be reduced,
however, when group-housed intruders are determined before
the onset of the study to be nonaggressive (unpublished
observations).

In female mice, aggressive behavior is generally observed
only when parturient females are approached by strange
intruders during the first part of the lactating period. This so-
called maternal aggression wanes as the young approach
weaning (Olivier et al. 1995). Maternal aggression in females
is characterized by short latency attacks of high intensity,
mostly directed toward the head/neck region of the opponent
and usually without the introductory threatening behaviors
typically displayed by male animals confronted with an
intruder.

Brain Regions Associated with Aggression

Although an exhaustive discussion of the neural mechanisms
underlying aggression is beyond the scope of this review, a
brief review of the brain regions associated with aggression
is presented below to help understand the effects of targeted
gene disruption on aggressive behavior.

Several brain regions have been identified to be involved
in the inhibition of aggression; the earliest example was pro-
vided by Kliiver and Bucy (1939), who demonstrated that
removal of the temporal lobes resulted in a syndrome of
passivity. Lesions of limbic areas, including the olfactory
bulbs, lateral septum, medial accumbens, dorsal and median
raphe, and amygdala, enhance defensiveness and predation
but not social aggression (Albert and Walsh 1984). Although
the brain systems that mediate aggression appear to remain
fairly constant among mammals, many details of the regula-
tory pathways appear to be species specific (Grisolia 1997).
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In cats, two distinct neural circuits involving the hypothala-
mus and periaqueductal gray matter (PAG!) have been iden-
tified, which subserve defensive rage and predatory attack,
respectively (Siegel et al. 1999). In rats and mice, a single
area, largely coincident with the intermediate hypothalamic
area, is crucial for the expression of offensive aggression
(Siegel et al. 1999). Variations in the attack response of rats
and mice in natural settings appear to be due primarily to
environmental variables.

In rats, the amygdala provides excitatory input to parts of
the hypothalamus mediating aggression (Grisolia 1997). As
noted, ablation of the PAG permanently abolishes defensive
rage in cats but not rats (Kruk 1991). In both rat and cat
models of aggression, electrical stimulation of the medial
amygdala, or the so-called “rage centers” in the hypothala-
mus, induces immediate attack behavior (or sham-rage)
directed at cage-mates or the experimenter (Grisolia 1997).
Stimulation of the PAG induces defensive reactions (e.g.,
freezing, flight) in rats. Although significant advances have
been made in our knowledge of the circuitry underlying the
neural basis of aggression in some species, additional mecha-
nisms underlying aggressive behavior remain unspecified
and require additional research. Studies of knockout mice,
in conjunction with additional pharmacologic studies, will
be useful to fill in the gaps in knowledge about the neural
regulation of aggression.

Pharmacology of Aggression

Our overall understanding of the neurotransmitters regulat-
ing aggression is incomplete. The precise identification of
specific transmitters at key synapses along the pathways
associated with the expression and modulation of aggressive
behavior has been limited by deficits in the knowledge of the
neural mechanisms underlying aggression, the range in experi-
mental conditions, and behavioral approaches (Siegel et al.
1999). Furthermore, because of marked species differences
in the mechanisms underlying aggression, it is not obvious
that similar neurotransmitters will be involved in the expres-
sion of specific types of aggression. This is important in
postulating pharmacologic controls of human aggression
based on different animal models.

Although experimental data indicate a role for nor-
adrenaline (Haller et al. 1998), acetylcholine (Bell et al. 1985),
Y-aminobutyric acid (Adams et al. 1993), and dopamine
(Maeda et al. 1985) in aggression, increasing evidence points

| Abbreviations used in this article: 5-HT, 5-hydroxytryptamine; 7-NI,
7-nitroindazole; a-CaMKII, a-calcium-calmodulin-dependent kinase II;
CNS, central nervous system; eNOS, endothelial isoform of nitric oxide
synthase; ERKO, estrogen receptor knockout; ES, embryonic stem; IL-6,
interleukin-6; iNOS, inducible isoform of nitric oxide synthase; MAOA,
monoamine oxidase A; NCAM, neural cell adhesion molecule; NK-1,
neurokinin-1; nNOS, neural isoform of nitric oxide synthase; NO, nitric
oxide; NOS, nitric oxide synthase; OT, oxytocin; PAG, periaqueductal gray
matter; SP, substance P; WT, wild-type.
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to serotonin (5-hydroxytryptamine [5-HT']) as the major
neurotransmitter modulating intermale as well as maternal
aggressive behavior (Bell and Hobson 1994; De Almeida
and Lucion 1997; Olivier and Mos 1992; Olivier et al. 1995).
Depletion of 5-HT increases aggression in a variety of species
in several different social situations (reviewed in Vergnes et
al. 1986). Aggressive behavior in response to a wide variety
of stimuli can be suppressed by 5-HT or any treatment that
elevates 5-HT (Sanchez and Hyttel 1994). In a recent study
in our laboratory, we found 5-HT involvement in the aggres-
sive phenotype of mice lacking the gene encoding neuronal
nitric oxide synthase (nNOS-/-) (Chiavegatto et al. 1999).
Importantly, 5S-HT does not simply inhibit aggression; rather,
5-HT appears to influence many different types of “risky”
behavior, which includes aggression (Kraemer et al. 1997).

The early literature on the inhibitory effects of 5-HT on
aggressive behavior was based on nonselective 5-HT ago-
nists and antagonists, which has generated several instances
of opposing and often controversial results (reviewed in Bell
and Hobson 1994; Muehlenkamp et al. 1995). This confu-
sion considerably complicates the interpretation of the role
of 5-HT receptor subtypes in aggression. Recent studies have
indicated that male-typical offensive aggression is reduced,
in the absence of anxiolytic actions, by a combination of
5-HT, , and , agonists (Cologer-Clifford et al. 1996). These
data are consistent with the dose-dependent decrease in male
rodent aggression by the 5-HT, , ; agonist eltoprazine and
by the selective 5-HT,, agonist 8-hydroxy-2-(di-n-
propylamino)tetralin (Olivier et al. 1995; White et al. 1991)
as well as the enrichment of 5-HT, , and | ; subtypes in rodent
limbic areas. Taken together, these findings strongly suggest
that the serotonergic system plays an important role in the
aggressive behavior through 5-HT,, and/or 5-HT; recep-
tors subtypes.

Gene Targeting Technology
How to “Knock out” a Specific Gene

To inactivate or knock out a gene, molecular biologists typi-
cally rearrange the nucleotide sequence that encodes for the
gene under investigation (Aguzzi et al. 1994; Soriano 1995;
Tonegawa 1995). Because the chromosomes of mice are
paired, both copies of each gene must be inactivated. The
creation of a mouse with a targeted disruption (i.e., knock-
out) of a specific gene is an arduous task that combines
several low-probability events. The gene in question must
be identified, targeted, and marked precisely. This has been
accomplished for an astounding number of murine genes
during the past several years (Soriano 1995; Stark and
Gudkov 1999). Next, mouse embryonic stem (ES!) cells
must be harvested and cultured. A mutated form of the gene
is created and introduced into the cultured ES cells by either
microinjection or electroporation transfection (Tonegawa
1995). Homologous recombination will then incorporate a
very small number of the altered genes into the DNA of the
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ES cells (Boggs 1990). The mutated ES cells are inserted
into otherwise normal mouse embryos (blastocysts) and then
implanted into surrogate mothers (Soriano 1995). If the
mutated stem cells are incorporated into the germ lines of the
resultant chimeric mouse, then some of the gametes will
contain the mutant gene. Chimeric mice are then bred with
wild-type (WT!) mice; some of the offspring produced will
be heterozygous for the mutation. If the heterozygous mice
are interbred, then approximately one fourth of their off-
spring will be homozygous for the mutation. These homozy-
gous mice can be interbred to produce pure lines of mice
with the gene in question inactivated (Sedivy and Sharp 1989;
Stark and Gudkov 1999). The product for which the gene
typically encodes will be missing from the progeny (Nelson
1997). Behavioral performance is typically compared among
WT (+/+), heterozygous (+/-), and homozygous (—/—) mice
in which the gene product is produced normally, usually
produced at reduced levels, or completely missing, respec-
tively, although this assumption must be tested directly.

Advantages and Disadvantages of the
Knockout Technology in Behavioral Studies

This genetic technique offers new opportunities to study the
mechanisms of behavior; however, as with all behavioral
techniques, there are some potential limitations (reviewed in
Crawley 1999; Nelson 1997; Nelson and Young 1998). For
example, the products of many genes are essential to normal
function, and inactivating the gene may prove lethal or induce
gross morphologic or physiologic abnormalities that can
complicate interpretation of discrete behavioral effects.
Behavioral tests study the effects of the missing gene (and
gene product), not the effects of the gene directly. This
conceptual shortcoming can be overcome in the same way
that it is overcome in other types of ablation studies, by
collecting converging evidence using a variety of pharmaco-
logic, lesion, and genetic manipulations. Because mamma-
lian genome mapping is currently focused on mice (Mus
musculus), standardized behavioral testing of mice should be
adopted. Because most of the animal studies of aggression
have been conducted on mice, this problem is not as great as
it is for studies of learning or mating behavior in which the
vast majority of studies have been conducted on rats.

Another limitation of the interpretation of behavioral data
from knockout mice is the possibility that compensatory or
redundancy mechanisms are activated when a gene is miss-
ing. For example, in nNOS-/- mice, there is a 20% increase
in the expression of the endothelial isoform of nitric oxide
synthase (Burnett et al. 1996). A compensatory mechanism
may spare behavioral function and cloud interpretation of the
normal contribution of the gene to behavior.

The availability of “inducible” or “conditional” knock-
outs, in which a specific gene can be inactivated at any point
during development, or only inactivated in tissue-specific
cells, should provide an important tool to bypass the problem
of ontogenetic interactions (Nelson 1997). These conditional
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knockouts are currently being developed for a variety of
genes (e.g., Cohen-Tannoudji and Babinet 1998; Gu et al.
1994; Kiihn et al. 1995; No et al. 1996). Region- or cell-
specific promoters are combined with genes that can be acti-
vated at any time by specific events induced by the investiga-
tors (e.g., exposure to tetracycline, ecdysone, or interferon)
(Gu et al. 1994; Kiihn et al. 1995; No et al. 1996). These
substances serve as activators that terminate expression of a
gene by binding to a promoter transgenically attached to the
gene. Restricted gene activation can also be accomplished
with a Cre-lox bacteriophage site-directed recombination
method in which DNA recombination sites flank-targeted
genes, and these sites bind to the site-specific recombinase
Cre (Gu et al. 1994). Ecdysone can also be used to inactivate
a gene during any point of pregnancy because it easily crosses
the placenta-blood barrier (No et al. 1996). The widespread
availability of inducible knockouts should prove extremely
useful in murine behavioral studies because they will provide
a method of studying genetic influences on behavior in the
absence of ontogeny issues that currently obscure interpreta-
tion of knockout mouse behavior. The aggressive behavioral
phenotypes of mice with targeted disruptions of specific
genes tested to date are described below.

In contrast to the disadvantages described above are
several important advantages to using knockout mice in
behavioral research: (1) Disabling a gene is often a very
precise and “clean” ablation; (2) the effects of the gene prod-
uct can be abolished without the side-effects of drugs; and
(3) genetic manipulations may be the only way to determine
the precise role of many endogenous factors on behavior.
The use of new inducible knockouts, in which the timing and
placement of the targeted gene disruption can be controlled,
will be an extremely important tool in murine behavioral
biology research.

Aggressive Phenotype of Various
Knockout Mice

Monoamine Oxidase A

Monoamine oxidase A (MAOA!) is responsible for the deg-
radation of norepinephrine and 5-HT. Because 5-HT concen-
trations would be expected to be elevated in MAOA knock-
out mice, one would also predict that aggression would be
reduced in these animals. Contrary to expectation, MAOA
knockout mice exhibit high levels of offensive aggression
despite elevated 5-HT concentrations (Cases et al. 1995).
However, these mice are not healthy; they tremble, have
difficulty righting, and have an elevated fear response before
adulthood. Compared with controls in adulthood, these
knockout mice spend an increased amount of time in the
center of an open field arena—typically indicative of reduced
fear responses (Cases et al. 1995). To attribute behavioral
changes to a specific missing gene, it is critical to assess
sensorimotor, anxiety, endocrine, and other parameters when
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evaluating the aggressive behavior of knockout mice
(Crawley 1999; Crawley and Paylor 1997; Nelson 1997).

5-Hydroxytryptamine,; Receptor

Additional evidence for a role of 5-HT in aggression has
come from the use of knockout mice missing genes that either
directly or indirectly affect 5-HT concentrations or metabo-
lism. The 5-HT | receptor, which is the rodent homologue of
the human 5HT, ; receptor, is expressed in a variety of brain
regions, including the basal ganglia, central gray, hippo-
campus, and raphe nuclei (Maroteaux et al. 1992), either as
an autoreceptor on serotonergic projections or as a hetero-
receptor modulating the release of other neurotransmitters.
Knockout mice that lack functional expression of the 5-HT 5
receptor gene (5-HT,; —/—) have been generated (Saudou et
al. 1994). In a resident-intruder paradigm, these mutant mice
attack the intruder more quickly, more often, and more
intensely than WT controls. Lactating female 5-HT,p ~/—
mice also attack unfamiliar male mice more rapidly and
violently (R. Hen, Columbia University, personal communi-
cation, 2000). Even when they are housed with littermates,
there is increased evidence of aggression among the mutants
(Scearce-Levie et al. 1999). It is notable, however, that
administration of the nonselective 5-HT 5 agonist eltoprazine
(termed “serenic”) (Olivier et al. 1990) can significantly
reduce aggressive behavior in 5-HT,; —/— as well as WT
mice (R. Hen, personal communication, 2000). This suggests
that whereas the 5-HT receptor contributes to aggression, it
is not the sole 5-HT receptor subtype modulating this behavior.
In particular, 5-HT, , receptor activation, which is also induced
by eltoprazine, can also influence aggressive behavior.

o-Calcium-Calmodulin Kinase Il

Homozygous mutant mice missing the gene for ¢-calcium-
calmodulin-dependent kinase IT (a-CaMKII') display reduced
offensive and defensive aggression (Chen et al. 1994).
o-CaMKII mediates presynaptic transmitter release and acti-
vates tryptophan hydroxylase, the rate-limiting enzyme in
5-HT synthesis (Silva et al. 1992). 5-HT release is reduced
in the dorsal raphe of mice missing the gene for a-CaMKII
(Chen et al. 1994). Because murine aggressive behavior can
also be motivated by fear, studies investigating knockout
mice typically evaluate the mutants’ response to fearful
stimuli—o-CaMKII mutant mice display reduced fear when
tested in a number of tasks (Chen et al. 1994). These find-
ings emphasize the importance of testing a variety of behav-
iors when evaluating phenotypes of mutant mice.

Nitric Oxide

Nitric oxide (NO!) is very labile, with a half-life of <5 sec.
Consequently, many studies have manipulated NO indirectly
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by affecting the synthetic enzyme nitric oxide synthase
(NOS), which transforms arginine into NO and citrulline.
Three distinct isoforms of NOS have been discovered:
(1) one in the endothelial tissue of blood vessels (eNOS!);
(2) an inducible form in macrophages (iNOS'); and (3) one
in neural tissue (nNOS!) (Nelson et al. 1997). Suppression
of NO formation either by elimination of arginine or by use
of N-methyl-L-arginine, a potent NOS inhibitor, affects all
three isoforms of NOS.

Neural Isoform of Nitric Oxide Synthase

nNOS is localized in high densities within emotion-
regulating brain regions (Nelson et al. 1997). To examine
the specific behavioral role of NO in neurons, homologous
recombination was used to create nNOS—/— mice. Informal
observation of the nNOS—/— mice revealed high levels of
aggressiveness among male cage mates. Male nNOS-/-
residents engaged in three to four times more aggressive
encounters than WT mice in the intruder-resident model
(Nelson et al. 1995). Nearly 90% of the aggressive encoun-
ters were initiated by the nNOS—/~ animals. Similar results
were obtained in diadic (paired) or group encounters in neu-
tral arenas. In all test situations, male nNNOS—/- mice rarely
displayed submissive behaviors.

As mentioned above, behavioral studies of mice with
targeted deletion of specific genes have met with the criti-
cism that the gene product is not only missing during the
testing period but is also missing throughout development
when critical ontogenetic processes, including activation of
compensatory mechanisms, may be affected. To address this
criticism, mice were treated with 7-nitroindazole (7-NI}),
which specifically inhibits nNOS formation in vivo (Demas
et al. 1997). Mice treated with 7-NI displayed substantially
increased aggression in two different tests of aggressiveness
compared with control animals (Demas et al. 1997). Drug
treatment did not affect nonspecific locomotor activities.
Importantly, NOS activity in brain homogenates was reduced
>90% in 7-Nl-treated mice. Similarly, immunohistochemical
staining for citrulline revealed a dramatic reduction in 7-NI-
treated animals (Demas et al. 1997), suggesting that NO for-
mation was virtually eliminated in these experimental animals.
Because 7-NI treatment in WT mice increased aggression to
the levels displayed by nNOS—/— mice, it appears that nNOS is
an important mediator of aggression in male mice.

Plasma androgen concentrations can affect the display of
aggressive behavior. There were no differences between
nNOS-/- and WT mice in blood testosterone concentrations
either before or after agonistic encounters. However, recent
data on castrated nNOS—/~ males suggest that testosterone is
necessary, but not sufficient, to promote increased aggres-
sion in these mutants (Kriegsfeld et al. 1997). Castrated
nNOS—/- mice displayed low levels of aggression that were
equivalent to the aggression observed among castrated WT
males. Androgen replacement therapy restored the elevated
levels of aggression in nNOS—/— mice.
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Importantly, inappropriate aggressiveness was never
observed among female nNOS—/~ mice in these test situa-
tions. However, when aggressive behavior was examined in
female nNOS—-/— mice in the context of maternal aggression
when WT females are highly aggressive toward an intruder,
nNOS-/—-dams were very docile (Gammie and Nelson 1999).
All other components of maternal care were normal in
nNOS—/- females. There were no sensorimotor deficits among
the mutant mice of either sex to account for the changes in
aggressive behavior. Taken together, these results suggest
that NO from neurons has important, but opposite, effects in
the mediation of aggression in male and female mice.

Endothelial Isoform of Nitric Oxide Synthase

NO from the endothelial tissue could contribute to aggres-
sive behavior. Mice with targeted disruption of the gene
encoding eNOS-/- have recently been examined (Huang et
al. 1995; Shesely et al. 1996). Because NO was originally
identified as endothelium-derived relaxing factor (Furchgott
and Vanhoutte 1989; Ignarro 1990) and eNOS is localized in
the endothelial lining of vascular smooth muscle, blood pres-
sure was the first phenotype investigated in these mutant
mice (Huang et al. 1995; Shesely et al. 1996). eNOS—/-
mice exhibit approximately a 35% increase in basal blood
pressure relative to WT mice (110 and 81 mmHg, respec-
tively; Huang et al. 1995).

Because nNOS—/- mice display elevated levels of aggres-
sive behavior compared with WT mice, we recently investi-
gated aggression in eNOS—/— mice (Demas et al. 1999).
Anecdotal observations indicated that these knockout
animals were very docile. Animals were tested using two
behavioral paradigms. First, animals were tested using the
resident-intruder paradigm. eNOS—/— mice displayed virtu-
ally no aggressive encounters and a dramatic decreased dura-
tion of agonistic encounters relative to WT mice whena WT
intruder was placed in their home cage. Second, mice were
tested in a neutral arena with a WT stimulus male. In this
paradigm, eNOS-/- mice displayed many fewer attacks and a
greatly increased latency to attack the stimulus male relative
to WT mice (Demas et al. 1999). Pharmacologic normaliza-
tion of blood pressure did not affect the absence of aggres-
sion in eNOS—/- mice. These data, in combination with the
nNOS-/- data, suggest that the two isoforms of NOS may
normally act to increase (eNOS—/-) and decrease (nNOS—/-)
aggressive behavior in vivo. Thus, WT mice with normal
concentrations of both isoforms of NOS display only moder-
ate levels of aggression.

Oxytocin
Oxytocin (OT!) has been reported to mediate aggressive and
affiliative behaviors in several species (Young et al. 1998).

The behavioral role of OT has been established with physi-
ologic manipulations that potentially affected blood pressure,
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which may have indirectly affected the behaviors under
study. To provide converging evidence of the physiologic
role of OT in aggressive behavior, WT, heterozygous
(OT-/+), and homozygous (OT-/~) mutant mice were tested
in two aggression paradigms (DeVries et al. 1997). In gen-
eral, there was no significant difference in aggressiveness
between WT and OT-/+ mice. However, there were sig-
nificant reductions in the duration of aggressive behaviors
among OT-/- animals, especially in agonistic encounters
within neutral arenas. The OT-/~ mice did not exhibit any
sensorimotor deficits or display any altered general anxiety
levels that may have accounted for the observed reduction in
aggressive behavior (Young et al. 1998).

Neural Cell Adhesion Molecule

The neural cell adhesion molecule (NCAM!) is thought to be
important during development and in adult neural plasticity
(Goridis and Brunet 1992; Scholey et al. 1990). Testosterone
concentrations are highly correlated with aggression in rodent
species; castrated mice rarely display aggressive behavior,
and testosterone replacement restores aggression to pre-
castration values (reviewed in Gandelman 1980). Both
homozygous (NCAM-/-) and heterozygous (NCAM+/-)
mice deficient in the neural cell adhesion molecule display
elevated aggression when tested in the resident-intruder para-
digm (Stork et al. 1997). Studies of aggression in mice with
targeted disruption of specific genes often fail to include
measurements of testosterone, thereby complicating inter-
pretation of the results from these studies. Pre- and posttest
testosterone values in NCAM-/- mice are comparable with
values seen in WT animals (Stork et al. 1997). Importantly,
c-fos mRNA concentrations were elevated in limbic areas
(i.e., septum, preoptic area, lateral hypothalamus, amygdala,
and dorsal raphe) in NCAM-/~- mice relative to WT animals
after the interaction with the intruder (Stork et al. 1997).
This finding suggests that NCAM-/— mice may experience a
heightened “emotional” response to the presentation of a
threatening stimulus, thereby leading to an increase in
aggressive behavior. Converging evidence for this hypoth-
esis was found when measuring pre- and posttest values of
corticosterone in these mice. Although basal concentrations
of corticosterone did not differ between genotypes, both
NCAM-/- and NCAM+/— mutants exhibit a dramatic post-
test increase in corticosterone concentrations relative to WT
mice (Stork et al. 1997). Investigators studying aggression
in knockout mice should consider not only the transmitter
systems most likely affected by the genetic mutation but also
the endocrine profiles of these mice.

Estrogen Receptor
Male mice with targeted disruption of the gene for the estro-

gen receptor, or estrogen receptor knockout (ERKO?!), dis-
play reduced aggression in a number of testing situations
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(Ogawa et al. 1997). Conversely, females exhibit increased
levels of aggression toward other female mice relative to WT
females, and ERKO females elicit aggression from WT males
(Ogawa et al. 1996). Because estrogen is essential for the
normal sexual differentiation of the central nervous system
(CNS!") of male (and possibly female) mammals during
development (Arnold 1996), studies of adult behavior in
ERKO are complicated by the inability to dissociate genetic
. from ontogenetic causes of behavior.

Adenosine A,, Receptor

The adenosine A,, receptor is particularly abundant in basal
ganglia, blood vessels, and platelets, and it stimulates
adenylyl cyclase. It is a major target of caffeine, the psycho-
active drug most widely used by humans. Mice with targeted
disruption of the A,, receptor (A, —/-) were generated. Anec-
dotal observations indicated that wounds due to bites were
more common among the group-housed male A, —/— mice
compared with WT males (Ledent et al. 1997). The A, —/-
mice displayed an increased number of attacks and tail rattles,
as well as a decreased latency to attack the intruder. In
general, the A, —/— residents engaged in three to five times
more aggressive encounters than the WT residents. These
results are consistent with the inhibition in fighting and asso-
ciated agonistic behaviors in isolated male mice treated with
adenosine analogues (Palmour et al. 1989). The biochemical
mechanism of adenosine receptor action with respect to
aggression is unknown but may include neuromodulatory
effects on the release of other neurotransmitters.

interleukin-6

Interleukin-6 (IL-6!) is a cytokine released by activated
immune cells that also affects brain function. In one study,
aggressive and affiliative behaviors exhibited during agonis-
tic encounters by transgenic male mice that either did not
express IL-6 (IL-6 —/-) or overexpressed (NSE-hIL-6) IL-6
in the CNS were investigated (Alleva et al. 1998). Compared
with WT controls, IL-6 —/— mice displayed more aggression.
In contrast, NSE-hIL-6 mice displayed a tendency to be more
involved in affiliative-type social interactions, displaying a
higher frequency and duration of social behaviors such as
anogenital, nose-to-nose, and whole body sniffing. IL-6 —/-
mice showed a clear tendency to exhibit less affiliative inter-
actions compared with WT mice. In any case, dopamine
levels were modified in a number of brain regions in these
IL-6 —/- mice (Alleva et al. 1998). Taken together, these
results suggest that IL-6 may be involved in mediating spe-
cific features of social behavior.
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Adrenergic o, -Receptors (0, -R)

Although all of the changes induced by pharmacologic
manipulations of noradrenaline suggest a central role of this
system in aggressive behavior, the participation of a, -
adrenoceptors is not clear. In the rat CNS, a, -R immuno-
reactivity is observed in cortex, septum, amygdala, hippo-
campus, raphe, striatum, and hypothalamic nuclei (Rosin et
al. 1996), regions known to be involved in aggressive behav-
iors. Isolation-induced aggression was studied in two geneti-
cally engineered mouse strains, one with targeted inactiva-
tion of the &, -R (0, —/~) and the other with tissue-specific
overexpression of o, -R (0, -OE) (Sallinen et al. 1998).
These mutant mice have subtle alterations in their brain
dopamine and 5-HT metabolism (Link et al. 1995). The
0L, —/—mice showed a reduced latency to attack, whereas the
0, -OE mice, with a threefold targeted overexpression of
0, -R, were associated with increased onset of fighting com-
pared with their respective WT mice. However, no signifi-
cant differences in the number of attacks were detected. A
more ethologic approach of analysis, including the total time
spent in aggressive behavior, would likely provide a more
sensitive evaluation.

Neurokinin-1 Receptor

The peptide neurotransmitter substance P (SP') modulates
sensitivity to pain by activating neurokinin-1 (NK-1') recep-
tors, which are found throughout the brain (notably within
the limbic system and hypothalamus). It has been suggested
that SP plays a role in emotional behavior (Maeno et al.
1993). Male mice with targeted disruption of the gene encod-
ing the NK-1 receptor were assessed in two resident-intruder
test sessions after a previous training session (De Felipe et al.
1998). Even though the WT mice have low attack latency
and display more attacks with repeated exposure to an intruder
(previous fighting experience), the NK-1-/- mice remained
considerably less aggressive than WT mice throughout test-
ing. These data using knockout animals suggest a facilitatory
role for SP in aggression. Consistent with this finding, defen-
sive rage in cats provoked by medial amygdaloid-induced
hypothalamic stimulation is blocked by a NK-1 antagonist
either peripherally or injected in the medial hypothalamus
(Shaikh et al. 1993).

Enkephalin

The endogenous opioid system appears to play a role in pain
perception, anxiety, and aggression (Mansour et al. 1995).
Enkephalins are endogenous opioid peptides that are derived
from a preproenkephalin precursor protein. Enkephalinergic
neurons are present in many regions involved in modulating
emotional behaviors including the amygdala, hypothalamus,
septum, cingulate, and entorhinal cortex (Nieuwenhuys
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1985). Mutant enkephalin-deficient mice (enk—/-) were often
aggressive, especially when housed individually (Konig et
al. 1996). When evaluated in the resident-intruder test, the
enk—/— mice scored higher in fighting and had a shorter attack
latency in the first trial after two training sessions. In the
second test trial, aggressive behavior did not differ signifi-
cantly between enk—/— and enk+/+ mice. It is possible that
the scoring system used to estimate the intensity of fighting
and/or the 4-min duration of the test was not sufficiently
sensitive to detect differences in aggression. These data are
consistent with the results of several studies suggesting that
opioids have inhibitory effects on aggression (Khantzian
1974; Shaikh et al. 1988). Because there is evidence suggest-
ing that opioid peptides inhibit the release of SP in the hypo-
thalamus (Micevych et al. 1984), it would be interesting to
examine whether the increased aggression observed in the
enk—/- mice is modulated by a facilitatory action of SP.
These animals also exhibit a heightened supraspinal response
to painful stimuli and increased anxiety as measured by the
open field test (Konig et al. 1996).

Others

Both male and female mice that lack a functional tailless
protein, an orphan nuclear receptor, are dramatically aggres-
sive (Monaghan et al. 1997), although they have serum
testosterone concentrations in the normal sex-specific range.
These adult mutant mice show a reduction in the size of
rhinencephalic and limbic structures, including the oifactory,
infrarhinal, and entorhinal cortex, amygdala, and dentate
gyrus. Tailless female —/— mice were more aggressive than
WT males and engaged in 96% more aggression than WT
females in resident and grouped aggression tests (unpub-
lished observations), a rare trait in female mice.

Summary

Typically, altered behaviors of knockout mice are often suf-
ficiently obvious or unusual that they catch the attention of
animal care personnel, who then notify the investigators.
Because of the large numbers of knockout mice being gener-
ated and because there are many neurobiologic pathways
underlying aggression, it is likely that many knockout mice
will exhibit increased aggression. Institutional staff may
want to consider the ethical concern and implement standard
behavioral analyses of knockout mice to preclude injury of
group-housed mice.

Currently, dramatic behaviors including increased
aggression, altered maternal care, seizures, impaired motor
coordination, and sensory abilities are commonly reported
for knockout mice (reviewed in Nelson and Young 1998).
Although it has been noted that “... it is difficult ... to recog-
nize minor neurologic abnormalities in mice” (Dutch-Belgian
Fragile X Consortium 1994; p. 25), presumably additional
aggressive behavioral changes of knockout mice, both
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dramatic and subtle, await discovery by behavioral biolo-
gists. We have presented a few examples for which aggres-
sive behavior has been altered after deletion of a specific
gene. Thousands of genetic knockouts are being created, but
few are examined for specific behavioral changes. This new
genetic research tool has the potential to improve our under-
standing of aggressive behavior dramatically.
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