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Abstract: Violence and aggression are major causes of death and injury, thus constituting primary public health problems throughout
much of the world costing billions of dollars to society. The present review relates our understanding of the neurobiology of aggression
and rage to pharmacological treatment strategies that have been utilized and those which may be applied in the future. Knowledge of the
neural mechanisms governing aggression and rage is derived from studies in cat and rodents. The primary brain structures involved in the
expression of rage behavior include the hypothalamus and midbrain periaqueductal gray. Limbic structures, which include amygdala,
hippocampal formation, septal area, prefrontal cortex and anterior cingulate gyrus serve important modulating functions. Excitatory neu-
rotransmitters that potentiate rage behavior include excitatory amino acids, substance P, catecholamines, cholecystokinin, vasopressin,
and serotonin that act through 5-HT, receptors. Inhibitory neurotransmitters include GABA, enkephalins, and serotonin that act through
5-HT, receptors. Recent studies have demonstrated that brain cytokines, including IL-1B and IL-2, powerfully modulate rage behavior.
IL-1p exerts its actions by acting through 5-HT, receptors, while IL-2 acts through GABA4 or NK, receptors. Pharmacological treatment
strategies utilized for control of violent behavior have met with varying degrees of success. The most common approach has been to ap-
ply serotonergic compounds. Others included the application of antipsychotic, GABAergic (anti-epileptic) and dopaminergic drugs. Pre-
sent and futures studies on the neurobiology of aggression may provide the basis for new and novel treatment strategies for the control of

aggression and violence as well as the continuation of existing pharmacological approaches.
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INTRODUCTION

Over the past decade, a variety of studies have been carried out
designed to determine the effects of selective drugs on the man-
agement of human aggressive behavior. One purpose of the present
review is to evaluate human studies with respect to what is known
of the neurochemistry and neuropharmacology of aggression. In
order to achieve this objective, it is appropriate to first consider the
behavioral characteristics and basic forms of aggressive behavior,
the underlying neural substrates, and principal neurochemical and
receptor-neurotransmitter mechanisms linked to their expression
and control. These features are considered below in the following
section.

OVERVIEW OF THE NEUROBIOLOGY OF AGGRESSIVE
BEHAVIOR

Animal Models of Aggressive Behavior

In attempting to understand the processes that are collectively
referred to as “aggressive behavior”, it is first useful to provide a
definition of this term. One encompassing definition is that it con-
stitutes a type of behavior that either threatens harm or leads to or
causes harm, destruction or damage to another organism. Such a
definition would suggest that aggression is not a unitary phenome-
non, but instead, includes a variety of different behavioral proc-
esses. Such forms of aggression may also reflect competition
among organisms of the same or of a different species for mates,
food, or territory. Various animal research models of aggressive
behavior have been utilized [70,83]. These include: fear-induced,
maternal, inter-male, irritable, sex-related, territorial, resident-
intruder, and predatory aggression. Aside from predatory attack,
these models of aggressive behavior share the following common
features: they reflect a perceived or real threat, are aversive to the
organism, are impulsive, display sympathetic signs, and are defen-
sive in nature. Thus, the general category referred to as defensive
(or affective) aggression includes animals (and humans) that dis-
play these characteristics. In contrast, predatory attack is quite dif-
ferent from the others, in particular because it requires planning,
shows few autonomic signs, and is positively reinforcing to the
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organism. Based upon this analysis, the remainder of the present
sections considers the neurobiological and neuropharmacological
properties associated with these two forms of aggressive behavior
as determined from studies conducted mainly in the cat.

Affective or defensive rage occurs in nature in response to the
presence of, or perceived presence of, a threatening stimulus such
as another species within its territory. It is characterized by arching
of the back, retraction of the ears, piloerection, pupillary dilatation,
impulsivity, marked hissing, and striking of the target species with
the forepaw at the threatening object. This form of aggressive be-
havior can also be elicited by electrical or chemical stimulation of
the midbrain periaqueductal gray (PAG) and medial hypothalamus
[83,98]. With respect to this model of aggression, it is important to
note that these characteristics present in the cat are also often pre-
sent in humans [69]. In particular, affective defense in humans fre-
quently includes marked sympathetic signs, impulsivity, and attack
which is not necessarily directed at a specific individual (in contrast
to predatory attack where a specific target is singled out [see dis-
cussion below]).

As noted above, predatory attack is quite different from other
forms of aggression. In the animal kingdom, it is manifest as hunt-
ing behavior. The attack is planned and is preceded by stalking of
specific prey object of another species followed by biting of the
back of the neck until it kills the prey. In contrast to defensive rage,
the cat displays few autonomic signs aside from mild pupillary
dilatation. Predatory attack is induced following electrical stimula-
tion of the lateral hypothalamus or ventrolateral aspect of the PAG
and ceases immediately following termination of stimulation [83].
In humans, the characteristics of the attack response also parallel
those described in the cat. For example, the attack is directed upon
a specific target (or individual), contains few sympathetic signs, and
is typically premeditated or planned well in advance, which may
extend from days to months, or even longer.

Regions and Pathways Mediating Defensive Rage and Preda-
tory Attack

Knowledge of the mechanisms governing the regulation and
control of aggression and rage require an understanding of the un-
derlying substrates governing these forms of aggression. The fol-
lowing discussion identifies the sites within the hypothalamus and
midbrain from which each of these forms of aggression are elicited
and the pathways mediating these behaviors to other regions of the
brainstem and related areas of the central nervous system.

©2007 Bentham Science Publishers Ltd.
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Defensive Rage Behavior

Defensive rage behavior can be elicited by electrical stimulation
of wide regions along the rostro-caudal axis of the medial hypo-
thalamus. Defensive rage is also elicited by electrical or chemical
(i.e., glutamate analog) stimulation of the dorsolateral quadrant of
mainly the rostral half of the PAG. Components or fragments of
defensive rage can also be elicited from lower regions of the brain-
stem. These regions include the caudal PAG and pontine tegmen-
tum and presumably lie along the descending pathways mediating
this form of aggression [83]. The principal descending pathway
from the medial hypothalamus sub serving defensive rage behavior
arises from the anterior medial hypothalamus and its primary target
is the dorsolateral aspect of the rostral half of the PAG (see Fig.
1A). Other regions of the medial hypothalamus, such as the ven-
tromedial nucleus from which defensive rage can also be elicited,
project rostrally to the region of the anterior medial hypothalamus
from which the descending pathway to the PAG arises. Moreover,
the anterior medial hypothalamus also receives significant inputs
from components of the limbic system which modulate aggression
and rage behavior. The converging inputs into the anterior medial
hypothalamus thus enable this region to serve as a major site of
integration for the expression of defensive rage behavior.

The second limb of the descending pathway for the expression
of defensive rage behavior arises from the region of the dorsolateral
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PAG, which receives direct inputs from the anterior medial hypo-
thalamus. The efferent projections of this region of the PAG are
directed to structures that mediate autonomic and somatomotor
components of defensive rage behavior. There are several routes by
which autonomic functions are activated from the PAG. One path-
way includes a projection to the locus ceruleus, which in turn pro-
jects to the intermediolateral cell column of the thoracic and lumbar
spinal cord. Converging inputs to these sympathetic regions of spi-
nal cord are also mediated through projections to the solitary nu-
cleus, whose axons then project to the ventrolateral medulla and
from there to the intermediolateral cell column of the thoracic and
lumbar cord. There are several regions that mediate the somatomo-
tor components of defensive rage behavior. One set of targets in-
cludes the motor nuclei of the trigeminal and facial cranial nerves,
which are associated with jaw opening essential for the vocalization
aspect of the defensive rage response. A second target includes the
nuclei of the reticular formation which comprise, in part, reticu-
lospinal fibers directed towards alpha and gamma motor neurons.
Those neurons directed to the cervical cord presumably affect
movements of the upper limbs and provide the basis for the striking
component of the rage response. These two components, which are
integrated at the levels of the medial hypothalamus and PAG, com-
prise the defensive rage response. A separate, ascending projection
of the dorsolateral PAG supplies the rostro-caudal extent of the
medial hypothalamus, much of which relate to the expression of
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Fig. (1). (A) Summary of principal hypothalamic pathways mediating defensive rage behavior to the midbrain periaqueductal gray (PAG). The primary output
of the medial hypothalamus to PAG arises from the anterior medial hypothalamus (AH) and receives significant input from the ventromedial nucleus of hypo-
thalamus (VMH). (Modified from Fuchs ef al. [30] with permission. (B) Diagrams indicating the principal efferent projections of the PAG associated with
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ing projections of the perifornical hypothalamus associated with predatory attack. Note projections to the PAG, tegmental fields, locus ceruleus, and motor

nucleus of trigeminal nerve. (From Siegel and Pott [85], with permission).
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defensive rage. This projection likely serves as a substrate for a
positive feedback mechanism, thus increasing the likelihood that
this response can be prolonged under dangerous conditions, which
is of survival value to the animal [83]. These anatomical relation-
ships are depicted in Fig. (1B).

It is of interest to note that others have attempted to describe the
neuroanatomical sites and pathways associated with aggression in
rodents. Initial observations were reported by Panksepp [73] and
Woodworth [101] and later by Kruk [53,54] and Lammers et al.
[55], who provided a detailed analysis of the response repertoire
and sites in rodent brain from which attack can be induced by elec-
trical stimulation and the likely ascending and descending pathways
associated with these sites. Stimulation of such sites located mainly
in the intermediate hypothalamic area (i.e., just ventrolateral to the
position of the fornix), could produce biting attack upon a con-
specific, varying in intensity from mild biting of the back of the
neck to hard biting of the head and back. The response could also
include kicking of the opponent with its hind-paws, clinch fights
and attack jumps.

The principal pathways associated with this form of aggression
can be summarized briefly as follows: the ascending pathways are
directed primarily to the preoptic region and neighboring regions of
the septal area. The descending pathways supply mainly the PAG,
ventral tegmental area, locus ceruleus, raphe magnus, and solitary
nuclear complex. Thus, one can see that there are considerable
similarities in the projection patterns between those described in the
cat for defensive rage and the rat for the attack pattern described
above. It would be of great interest to be able to compare and con-
trast the pathways associated with other models of aggressive be-
havior (e.g., resident-intruder and fear-induced). However, such
information is lacking in the literature and is in need of systematic
investigation.

Predatory Attack Behavior

Predatory attack behavior can be elicited by electrical stimula-
tion most typically of the perifornical lateral hypothalamus, ventro-
lateral aspect of the PAG, and ventral tegmental area. The principal
origin of the descending projections of the hypothalamus is the
region of the perifornical lateral hypothalamus from which preda-
tory attack is elicited. This region supplies the ventrolateral aspect
of the PAG, ventral tegmental area, central tegmental fields of the
midbrain and pons, locus ceruleus, and motor and main sensory
nuclei of the trigeminal complex. The projections to the trigeminal
complex are significant in that they provide the anatomical sub-
strate for the jaw closing reflex critical for the culmination of biting
attack (Fig. 1C). The projections to the brainstem tegmentum pre-
sumably provide the initial neuron in a series of descending projec-
tions to the lower brainstem and spinal cord essential for other mo-
tor aspects of the attack response such as stalking and striking at the
prey object.

Anatomical and Functional Relationship Between the Medial and
Lateral Hypothalamus

While defensive rage behavior and predatory attack clearly
reflect distinctly different forms of aggression that utilize separate
and non-overlapping pathways, they also relate to each other in a
unique manner. Within the medial hypothalamus and with respect
to defensive rage behavior, there are two classes of neurons. One is
a projection neuron, which was described above, whose target is the
dorsolateral aspect of the PAG and constitutes the descending
pathway for this form of aggression. The second is a neuron with a
short axon that supplies the lateral hypothalamus. This neuron is
GABAergic and inhibits neurons in the lateral hypothalamus asso-
ciated with predatory attack [37]. Likewise, there are at least two
classes of neurons in the lateral hypothalamus with respect to
predatory attack. The first is a neuron with a long axon that consti-
tutes the descending pathway for the expression of predatory attack
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and the second is a GABAergic neuron, with a short axon which
supplies the medial hypothalamus and inhibits neurons in the me-
dial hypothalamus associated with defensive rage [14,15] (See Fig.
2). The likely functional significance of the reciprocal inhibitory
pathways linking the medial and lateral hypothalamus is as follows:
since these two responses are mutually exclusive, the effective ex-
pression of one requires the suppression of the other. It is intuitive
that a successful act of predation can only be accomplished when a
predator quietly approaches the prey object, which requires sup-
pression of hissing and related component responses. Similarly,
when defensive rage is required following the presence of a threat-
ening stimulus, elements of predation serve no function and there-
fore are suppressed in order for the affective components of the res-
ponse to become manifest. Collectively, the neuroanatomical rela-
tionships between the medial and lateral hypothalamus thus provide
the essential substrates which are of survival value to the animal.
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Fig. (2). Anatomical and functional bases by which the amygdala modulates
defensive rage and predatory attack. The medial amygdala (ME) projects to
the medial hypothalamus (MH). Contained within MH includes two classes
of neurons — those containing glutamate (GLUT) and those containing
GABA. Both classes of neurons receive excitatory input from ME whose
functions are mediated by substance P acting through NK; receptors. GLUT
neurons project to the PAG and are excitatory to neurons in this region, the
effects of which are mediated through NMDA receptors (see Fig. 3). Thus,
the underlying basis for the powerful excitatory effects of ME upon defen-
sive rage includes a disynaptic pathway whose initial synapse is situated in
ME and the second synapse in the PAG. In contrast, the same groups of
neurons in ME, which potentiate defensive rage, suppress predatory attack.
This phenomenon is manifest through activation of GABA neurons in MH,
which then project to the lateral hypothalamus (LH) and thus inhibit those
neurons are associated with the expression of predatory attack.

Amygdaloid Modulation of Aggression and Rage

The amygdala is a component of the limbic system, which also
includes the hippocampal formation, septal area, prefrontal cortex
and cingulate gyrus. This system possesses several common ana-
tomical and functional features that distinguish it from other regions
of the brain. These include the following: (1) they receive secon-
dary or tertiary sensory inputs which may vary among limbic struc-
tures; (2) they receive inputs from brainstem monoaminergic neu-
rons; and (3) they project directly or indirectly to the hypothalamus
and related structures of brainstem. These combined sensory and
monoaminergic inputs serve to activate limbic structures to cause
powerful modulation of aggression and rage by virtue of their effer-
ent projections to the target structures (Fig. 3). The amygdala was
selected for discussion in this section because its modulating effects
upon aggression and rage as well as its pathways and related neuro-
transmitter functions have been identified [83,86].

Excitation of the medial nucleus and medial aspect of the basal
complex in the cat of the amygdala potentiates defensive rage be-
havior elicited from the medial hypothalamus, while excitation of
the lateral and central nuclei or lateral aspect of the basal complex
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Fig. (3). Schematic diagram depicting some of the critical neural mechanisms regulating aggression and contained within limbic structures such as amygdala,
hippocampus, and prefrontal cortex are activated by sensory signals that reach them through inputs from sensory regions of cerebral cortex and these limbic
neurons are further modulated by monoaminergic neurons situated within the reticular formation of the brainstem. Subsequent changes in levels of excitability
within the limbic system alter mediated through efferent pathways of limbic structures such as the fornix and stria terminalis to the hypothalamus, causing
changes in excitability levels of hypothalamic neurons, thus directly affecting the neural mechanisms control aggression and rage behavior. The expression of
predatory attack is generated in the lateral hypothalamus and the descending pathways which engage both autonomic and somatomotor neurons of the lower
brainstem. Likewise, the expression of defensive rage behavior is mediated through neurons in the medial hypothalamus and a glutamatergic descending path-
way to the midbrain PAG, which in turn, provides feedback through an ascending neuron onto the medial hypothalamus. The medial and lateral hypothalamus
mutually inhibits each other through reciprocal GABAergic neurons. Also depicted in this diagram is that 5-HT,, receptors facilitate and 5-HT, receptors
suppress defensive rage in both MH and PAG, while NK, receptors in both regions facilitate this form of aggressive behavior.

suppresses this response [11,80, 82,84]. The potentiating effects of
the medial amygdala are mediated over the stria terminalis, which
projects to the bed nucleus of the stria terminalis and rostral half of
the medial hypothalamus, including the dorsomedial region and
shell of the ventromedial nucleus. A primary neurotransmitter of
this pathway has been identified and is substance P (SP), acting
upon neurokinin-1 (NK,) receptors in the medial hypothalamus [82]
(see Fig. 2). In contrast, excitation of the medial amygdala sup-
presses predatory attack behavior elicited from the lateral hypo-
thalamus. Suppression is manifest via a disynaptic pathway in
which the first limb includes the stria terminalis projection to the
medial hypothalamus and the second a GABAergic (inhibitory)
neuron projecting from the medial to lateral hypothalamus [37].
The inhibitory effects of the amygdala upon defensive rage behav-
ior are mediated through a descending projection to the midbrain
PAG. The neurotransmitter has been shown to be enkephalin acting
through p-opioid receptors in the PAG [79]. In a parallel manner,
excitation of the lateral amygdala potentiates predatory attack
[8,28]. While the pathway has not been experimentally identified, it
is likely to include fibers of the ventral amygdalofugal pathway that
project to the lateral hypothalamus [52,99].

Neurochemical Mechanisms of Aggression
Neurotransmitters

An increasing body of knowledge has identified several differ-
ent classes of neurotransmitters that play a role in regulating ag-
gressive behavior [35,83,86,87]. These include the following small
molecule neurotransmitters: acetylcholine, GABA, and biogenic
amines (dopamine, norepinephrine and serotonin), and neuropep-
tides (opioid peptides, substance P, cholecystokinin, vasopressin)
(see Table 1). Some of these transmitters potentiate aggressive re-
sponses while others have inhibitory properties. In addition, several
of these neurotransmitters have been identified with specific neuro-
anatomical pathways but others have not.

Excitatory Neurotransmitters

Studies conducted mainly in rodents and felines have shown
that cholinergic agents generally facilitate aggressive responses.
These findings are based upon the application of agonists and an-
tagonists systemically that act through muscarinic receptors. Fur-
ther studies supporting these findings have indicated that choliner-
gic agents produce their potentiating effects within the region of the
medial hypothalamus and can, in fact, induce rage-like responses.



The Neurobiological Bases for Development

Current Neuropharmacology, 2007, Vol. 5, No. 2 139

Table 1. Neurotransmittter-Receptors Modulating Aggressive Behavior
Neurotransmitter Receptor Type of Aggression Effect

Acetylcholine Muscarinic Defensive rage
Dopamine D, Defensive rage, predatory attack T
Serotonin 5-HTa Defensive rage 1
5-HT, Defensive rage T
Norepinephrine Ol Defensive rage T
Substance P NK; Defensive rage T
Predatory attack l
Cholecystokinin CCKp Defensive rage T
Glutamate NMDA Defensive rage T
GABA GABA, Defensive rage, predatory attack l
Opioid peptides n Defensive rage l
Vasopressin Via Rodent aggression T

Other compounds: cytokines

Interleukin-1 IL-1 Typel Defensive rage T
Interleukin-2 IL-2Ro Defensive rage (PAG) T
Defensive rage (medial hypothalamus) \

T, Facilitation of aggressive behavior
1, Suppression of aggressive behavior

Both dopamine and norepinephrine have similar potentiating
effects upon both defensive rage and predatory attack. The mecha-
nism presumably involves activation of catecholaminergic neurons
of the brainstem from such regions as the locus ceruleus for norepi-
nephrine and the ventral tegmental area for dopamine, which pro-
ject to widespread regions of the forebrain, including the hypo-
thalamus and limbic system. Dopamine facilitation is mediated
through dopamine D, and norepinephrine through o, receptors in
the medial hypothalamus. Catecholaminergic facilitation of both
defensive rage and predatory attack suggests that these neurotrans-
mitters exert generalized potentiating effects upon whatever ongo-
ing responses are present during the epoch of time when these
transmitters are activated. Serotonin distributed from brainstem
raphe neurons to the PAG, hypothalamus and limbic system differ-
entially affect defensive rage responses. Activation of 5-hydroxy-
tryptamine (serotonin) type-2 receptors (5-HT, receptors) in these
regions facilitates defensive rage. The suppressing effects of sero-
tonin are indicated below.

As indicated above, there are several pathways associated with
the expression or modulation of aggressive or rage behavior whose
primary neurotransmitters have been identified. These include glu-
tamate neurons projecting from the medial hypothalamus to the
PAG that act through NMDA receptors to mediate the expression of
defensive rage, and SP neurons in the medial amygdala that project
to the medial hypothalamus, which powerfully facilitate defensive
rage and suppress predatory attack (Fig. 2). Glutamate neurons that
project from the basal amygdala to the PAG, acting through NMDA
receptors, also facilitate defensive rage behavior. Several peptides
have also been identified that potentiate defensive rage behavior
within the PAG. These include SP, acting through NK; receptors
[34] and cholecystokinin (CCK), acting through CCKpg receptors
[59]. Within the anterior hypothalamus, it is well known that vaso-
pressin (V) neurons play an important role in temperature regula-
tion and drinking behavior. These neurons also potentiate aggres-
sive responses in rodents, acting through V4 receptors in the ante-
rior hypothalamus [29,100] and vasopressin levels are positively
correlated with aggression in humans [23]. The pathway(s) associ-
ated with vasopressin functions in aggression have not been identi-
fied.

Inhibitory Neurotransmitters

Three neurotransmitters suppress defensive rage behavior. Ac-
tivation of 5-HT;, receptors in either the PAG or medial hypo-
thalamus by serotonin released from brainstem raphe neurons sup-
press this form of aggressive behavior [39,78]. Powerful suppres-
sion of defensive rage behavior is mediated through p-opioid recep-
tors in the PAG. As noted above, these receptors are activated by
enkephalinergic neurons arising in the central nucleus of amygdala.
GABA, receptors in the medial and lateral hypothalamus suppress
defensive rage and predatory attack behaviors, respectively. As
previously indicated, GABA, receptors in the medial hypothalamus
are activated by GABA neurons projecting from the lateral hypo-
thalamus, and likewise, GABA neurons arising in the medial hypo-
thalamus activate these receptors in the lateral hypothalamus (Fig.
2). GABA, receptors in the PAG also suppress defensive rage be-
havior when activated by GABA neurons, the origin of which has
not yet been identified [81].

Genes and Cytokines

Genetic Studies

Two methods have been applied to the study of the role of ge-
netics in aggression and rage behavior. The first involves traditional
breeding methods and the second involves the use of genetic engi-
neering to produce “knockout” mice in which specific receptors are
absent in the animal. Concerning the first approach, increased levels
of aggression are present under the following conditions: (1) in
animals selectively bred for heightened sensitivity to cholinergic
agonists [77] (2) in animals bred in a manner producing higher
levels of brain dopamine levels [76] and (3) in animals bred for
selective loss of 5-HT axons [60] Thus, these findings have gener-
ally supported the findings obtained from pharmacological and
neurochemical approaches summarized above. Concerning the sec-
ond approach, mice lacking the vasopressin V1b receptor have
reduced levels of aggressive behavior [100]. In contrast, mutant
mice lacking the 5-HT;g receptor [16] or which display decreased
5-HT turnover in the brain [44,45] have increased levels of aggres-
sive behavior. Paralleling the latter findings, the 5-HT;p gene
(HTR,p) has been linked in humans to a diagnosis of antisocial
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personality disorder and intermittent explosive disorder comorbid
with alcoholism [56].

Several authors have employed selective breeding procedures to
identify a role for chromosomes in aggressive behavior. For exam-
ple, Brodkin ef al. [10], using an outcross-backcross protocol and
genome-wide scan discovered aggression quantitative trait loci on
distal chromosome 10 and proximal chromosome X. Of further
significance, these authors suggested that the diacylglycerol kinase
alpha subunit gene (Dagkl) and the glutamate receptor subunit
AMPA3 gene (Gria3) are candidate genes for aggressive behavior.
Moreover, Toot et al. [94] used consomic Y-chromosome strains of
rats to show that aggressive behavior is linked to the Y-chromo-
some (see later in ‘Serotonin’ section).

In humans, aggressive behavior is more highly correlated with
identical twins than fraternal twins [33,36]. Of further importance,
there is evidence for a link between genetics, environment, and
aggression. Specifically, Caspi et al. [13] showed that maltreated
male children who have a genotype that would be expected to result
in increased expression of monoamine oxidase (MAOA), an en-
zyme that degrades serotonin and norepinephrine, were less likely
to express antisocial (including violent) behavior. It should be men-
tioned, however, that an increase in MAOA would be expected to
result in a decrease in serotonin, which as mentioned, is linked with
increased aggression. The reasons for this disparity are not known.
However, methodological differences across studies should be con-
sidered. These include demographic factors, the presence or ab-
sence of early life abuse, the possibility that abuse alters serotonin,
and type of aggressive behavior measured, among other variables.
Biological factors could also play a role. For example, the extent to
which serotonin or norepinephrine is altered in a given study link-
ing MAOA and aggression is typically not known. Here, if there
were to be preferential reductions in catecholamine levels, then
aggression would be expected to be reduced. Moreover, it is not
known whether the enzyme is actually altered in subjects. Further to
the point, these neurotransmitters affect a wide range of behaviors,
which could indirectly influence aggressive behavior. Moreover, a
polymorphism of the gene encoding catechol-O-methyltransferase
(COMT), which inactivates catecholamines, has been linked with
increased aggression in schizophrenic patients [91].

Cytokines and Aggression

Cytokines are pleiotropic cell-cell signaling proteins or glyco-
proteins produced by various cells types in the periphery and in
brain. They were initially described for their roles in innate and
acquired immunity. Cytokines also act as neuromodulators, includ-
ing effects on neurochemical release, neuroendocrine activity, and
neurodevelopmental processes, among other effects [25,27]. They
also induce marked behavioral and cognitive changes [25,62] and
play fundamental roles in other processes, including development,
feeding, among other processes. Cytokines exert their biological
effects by binding to their receptors, which in turn, activate signal-
ing pathways. Cytokine receptors are present on numerous cell
types in periphery and the central nervous system, and may act in
autocrine, paracrine, and endocrine manners [25,63]. Thus, a given
cytokine can influence activity in the cell from which it is released,
as well as local and distant cells. Concerning the paracrine mode of
action, some cytokines of peripheral origin may influence brain
activity by transport across the blood-brain barrier [2]. Cytokines
may also affect brain activity by entry through circumventricular
organs, or by indirect routes, including activation of sensory affer-
ents, and stimulation of cytokine release by brain endothelial cells
[25,63]. An example of a possible indirect way in which cytokines
can modulate aggression was provided from a most recent study
concerning the role of C-reactive protein [19]. C-reactive proteins
are released from the liver in response to the presence of inflamma-
tory cytokines. In this study, patients were identified from the Buss-
Durkee Hostility Inventory on the basis of meeting the criteria for
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specific personality disorders. The results revealed a positive rela-
tionship between aggression scores and plasma C-reactive protein
levels. It is possible that the C-reactive protein activates the stress
pathways that could influence cytokine production within the brain.
Since cytokines and their receptors are present in the brain, they can
act as endogenous neuromodulators in regions associated with the
expression of aggression and rage, including the hypothalamus and
PAG [103].

A further possible linkage between cytokines and aggression is
also derived from observations obtained from human studies. Two
types of studies have been conducted — one concerning patient
populations and the second involved experiments utilizing healthy
adult subjects. In studies involving patient populations, cytokine
immunotherapy for the treatment of such disorders as AIDS, cancer
and hepatitis C have shown that such therapy increased aggressive
behavior as determined by measures of anger, hostility and irritabil-
ity [12,51,67]. In one study, it was demonstrated that experimen-
tally induced enhancement of proinflammatory cytokines was cor-
related with increases in hostility scores [92]. In another study, a
positive correlation was drawn between the presence of hostile
marital conflict and increased production of plasma proinflamma-
tory cytokines [49].

Animal studies have also indicated a relationship between en-
hancement of cytokine production, immune cell activity and ag-
gression. To cite one example, animals displaying heightened levels
of territorial behavior and aggression also revealed higher levels of
interferon (IFN)y and interleukin-2 (IL-2) production from lympho-
cytes [74]. Several questions are raised from the results of these
studies which include the following: (1) Which cytokines relate to
the control of aggression and rage? (2) Where in the brain are these
cytokines located? and (3) What are the possible mechanisms un-
derlying cytokine modulation of aggressive behavior? Recent stud-
ies have provided partial answers to these questions, indicating that
IL-1 and IL-2 potently modulate defensive rage behavior and the
nature of these effects depend upon the region of the brain where
receptors for these cytokines are activated. In one study, it was
demonstrated that IL-1B in the medial hypothalamus facilitates
defensive rage behavior and that such facilitation is mediated
through 5-HT, receptors [39,40]. In contrast, activation of IL-2
receptors in the same region of the medial hypothalamus suppresses
defensive rage behavior. The suppressive effects of IL-2 are medi-
ated through GABA, receptors [4]. Thus, these two cytokines util-
ize different neurotransmitter mechanisms within the medial hypo-
thalamus to differentially modulate defensive rage behavior. In
addition, activation of IL-2 receptors in the PAG potentiates defen-
sive rage behavior, indicating that the locus of activation of this
receptor is critical to the nature of its effects upon defensive rage
behavior. The potentiating effects of IL-2 in the PAG upon defen-
sive rage are mediated through SP NK; receptors, a receptor that
has known excitatory effects upon defensive rage behavior [3] (Fig.
4). These findings raise an additional question — namely, how can
the same cytokine found in different regions of the brain alter de-
fensive rage behavior in opposite ways? An answer to this and re-
lated questions concerning how cytokines modulate aggression and
rage can only be answered by future studies directed at understand-
ing the signaling pathways associated with these cytokines and their
relationship to the neurochemical milieu of the various regions of
the forebrain and brainstem associated with the expression and
modulation of aggression and rage behavior.

Neurotransmitter Function as Determined from Studies Con-
ducted Utilizing Normal and Patient Populations

Methodological Issues

The studies described above reflect a body of knowledge that
has provided a foundation for our understanding of the neurochemi-
cal mechanisms underlying aggression and rage behavior. However,
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PAG

Defensive Rage

Fig. (4). Schematic diagram depicts specificity of cytokine modulation of defensive rage behavior. Shown in this diagram are the reciprocal excitatory rela-
tionship between the medial hypothalamus (MH) and periaqueductal gray (PAG) in the expression of defensive rage behavior. The reciprocal inhibitory con-
nections between the MH and lateral hypothalamus (LH) are presented in this diagram in order to illustrate the relationships of the defensive rage pathways to
those associated with predatory attack. Powerful facilitation of defensive rage from MH is mediated through IL-1 type I and 5-HT, receptor mechanisms. A
similar mechanism exists in the PAG as well. Suppression of defensive rage within MH is mediated through IL-2 and GABA 4 receptor mechanisms. However,
IL-2 in the PAG potentiates defensive rage behavior and this potentiating phenomenon is mediated through IL-2 and substance P — NK; mechanisms. (Modi-

fied from Zalcman and Siegel [103]).

our understanding remains incomplete in the absence of a corre-
sponding base of knowledge derived from human studies. Never-
theless, an increasing number of studies accumulated over the past
decade conducted in both normal and patient populations have pro-
vided support for the findings obtained from animal studies and
have suggested several new avenues of investigation. It should be
noted that the development of a significant body of data on human
subjects which could provide new insights into neurotransmitter
functions in the regulation of human aggression is made more diffi-
cult by a number of methodological issues inherent in this line of
research. A brief description of a number of these issues is pre-
sented at this time. One significant problem characteristic of a ma-
jority of these studies is that drugs used to study human aggression
often times lack receptor specificity, thus confounding interpreta-
tion of the data in terms of the relationship of a specific receptor-
neurotrans-mitter systems to a given form of behavioral modifica-
tion. Examples of such drugs which lack receptor specificity in-
clude lithium [64,65], olanzapine [104] and serotonin reuptake
inhibitors, which include, among others, fluoxetine [20,22,23]. A
second issue is the nature of experimental and control populations
used for these studies. It is virtually impossible to select homoge-
nous populations for each of the groups studied. This may be par-
ticularly difficult to accomplish with in-patient populations [64].
Consequently, test measures likely result in greater variability in
measurement scores than if the populations were uniform. A third
issue is that in many of the studies conducted, analysis of the effects
of drugs upon aggressive behavior are secondary to the examination
of other behavioral processes, thus reducing the likelihood that such
studies included a systematic analysis of aggression and rage be-
havior. Examples of such difficulties include patients diagnosed
with Tourette’s syndrome [90] and borderline personality disorder
[104]. Fourth, the methodologies and tools employed by which
aggression and rage behavior are measured may vary among inves-
tigators. Such variations (such as those associated with different
types of rating scales, or those whose findings are based solely
upon behavioral observations of the patients [see discussion be-
low]) can increase the discrepancies reported among the results of
different studies. A fifth, and related issue, concerns the nature of
the form of aggressive behavior examined in many of the reported
studies. As determined from both the animal and human literature,
at least two forms of aggression can be distinguished, namely affec-
tive (or defensive rage) and predatory aggression. Rarely if at all
are such distinctions attempted among investigators conducting
human studies. In fact, standard scales such as the Buss-Durkee
scale leave little room for inclusion of predatory forms of aggres-
sion. Yet, as determined from animal studies, the relationship be-
tween a given receptor-neurotransmitter system upon an aggressive

process is dependent upon the form of aggressive behavior exam-
ined.

In spite of these difficulties and limitations, the results of stud-
ies conducted on human patient and non-patient populations have
provided considerable useful information that has been helpful in
generating a better understanding of the relationships between re-
ceptor-neurotransmitter systems and aggressive and related forms
of behavior. A number of authors have provided excellent reviews
of the literature concerning studies of human aggression [32,68].
The main focus of these studies related to the efficacy of drug treat-
ment. In contrast, the primary focus of the last section of this paper,
which is not intended to be an exhaustive review of the literature,
attempts to provide evidence relating specific neurotransmitter-
receptor functions to aggressive behavior. Consequently, the
findings described below are arranged according to specific recep-
tor-neurotransmitters wherever possible and summarized below.

Serotonin

Perhaps, of all the receptor-neurotransmitter systems examined
in human studies conducted in normal and clinical populations, the
findings linking the role of serotonin to aggression have produced
the most compelling data in support of a major role of this neuro-
transmitter in the regulation of aggressive forms of behavior. Vari-
ous approaches have been utilized for the study of serotonin and
aggression. General categories of these approaches include: (1)
experimental manipulations of brain serotonin levels, which may
include measurements of endocrine responses correlated to sero-
tonin release; and (2) pharmacological manipulation of brain sero-
tonin levels by drugs that either directly or indirectly target the
serotonin system. The findings of representative examples of these
approaches are summarized below.

One way in which serotonin levels have been altered was to
either deplete or enhance plasma tryptophan levels through dietary
manipulations. In one study, three variables were manipulated —
dietary levels of tryptophan, predisposition to aggression as deter-
mined by the Buss-Durkee Hostility Inventory, and induction of
aggressive behavior using a “Point Subtraction Aggression Para-
digm” [6]. In this paradigm, aggression was expressed in the form
of subtraction of money from a fictitious antagonist. The results of
this study demonstrated that aggression in the laboratory setting by
the more aggressive men was significantly elevated following tryp-
tophan depletion, although tryptophan augmentation was not asso-
ciated with reduced levels of aggression. The same aggression
paradigm was employed to examine the effects of tryptophan deple-
tion in women [66]. Similar to the findings identified in men (de-
scribed above), women subjected to tryptophan depletion displayed
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significantly elevated aggression scores. However, unlike the re-
sults of the study described above for men, tryptophan enhancement
was associated with decreased levels of aggressive responding in
women. Thus, these two studies provide evidence tryptophan ma-
nipulation can affect aggressive behavior, in which such manipula-
tions appear to be more effective upon women than upon men.
Nevertheless, both of these studies provide support for an apparent
inverse relationship between serotonin levels and the propensity for
the expression of aggressive behavior. In one additional study, it
was reported that tryptophan augmentation was associated with
significant decreases in quarrelsome behaviors, a finding that in
general appears consistent with the overall findings of other studies
described above.

In a related study, Hennig et al. [43] were able to identify varia-
tions of the tryptophan hydroxylase gene, which, if linked with
specific individuals, could explain the lower levels of serotonin in
the brain and thus account for heightened expressions of aggressive
behavior. Indeed, utilizing healthy male subjects, these authors
were able to identify several nucleotide polymorphisms of the tryp-
tophan hydroxylase gene, one of which was then correlated with
high levels of the aggressive hostility factor as determined from the
Buss-Durkee and related inventory scales. Thus, the findings of this
study are clearly consistent with those utilizing other strategies
described in this section.

It should also be noted that, most recently, essential fatty acids
have been identified as a factor correlated with the expression of
impulsive aggressive behavior [31]. In their review of the literature,
these authors specifically suggest that essential fatty acids influence
hormone receptor density and ion channels, especially those associ-
ated with the release and elevations of serotonin levels within brain,
thus providing further indirect support for the view linking sero-
tonin levels in the brain and aggressive behavior.

Another approach aimed at linking brain serotonin levels with
aggressive behavior involved the use of the drug, fenfluramine, an
indirect 5-HT agonist, which enhances the availability of serotonin
at the postsynaptic region. Because the release of 5-HT at central
synapses induces the release of anterior or posterior pituitary hor-
mones such as prolactin and oxytocin, respectively, the measure-
ment of hormonal levels in blood in response to fenfluramine chal-
lenge can be used as an indirect measure of serotonin levels and
then correlated with states of aggressive behavior in normal and
patient populations. This approach has been developed and adapted
by Coccaro and colleagues and their findings as well as those from
other laboratories were published in a series of papers over the past
10 years [18,21,24,26,57]. The relationship between fenfluramine
and 5-HT was revealed by a significant coefficient of correlation
(reflecting an inverse relationship) between prolactin-fenfluramine
responses and the serotonin metabolite, 5S-HIAA concentrations, in
CSF [21,24] thus permitting the authors to conclude that the prolac-
tin-fenfluramine response represents an index of integrated post-
synaptic 5-HT activity. These authors further demonstrated that the
prolactin-fenfluramine responses correlated inversely with the as-
sault scale of the Buss-Durkee Hostility Inventory Scale. However,
it should also be noted that there is evidence suggesting that the
relationship between fenfluramine and serotonin may not necessar-
ily be as simple as implied above. Experiments conducted in rat
have shown that this relationship is dependent upon the amount of
tryptophan provided in the diet [89]. Specifically, these authors
observed that following fluvoxamine and fenfluramine administra-
tion, 5-HT release was significantly diminished in rats on a low diet
of tryptophan, and significantly enhanced after fenfluramine treat-
ment in rats on a high tryptophan diet.

Several other investigators also utilized fenfluramine as an ex-
perimental means of altering serotonin levels by comparing such
changes to aggression scores in normal populations [18,26]. One
study provided further evidence in support of an inverse relation-
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ship between fenfluramine induced cortisol responses and scores on
the Buss-Durkee Hostility Inventory total score and aggression
factor in normal healthy adult males [18]. However, these authors
failed to find similar relations with females with respect to cortisol
or prolactin responses. Perhaps, the sex differences in this and in
other studies may be due in part to differences in experimental
populations or to variations in the handling of fenfluramine, espe-
cially since plasma levels of this agonist were not measured. Con-
sistent with these findings, Dolan and Anderson [26] utilizing per-
sonality disordered offenders, did report an inverse relationship
between the prolactin response to fenfluramine challenge and
measures of impulsive-antisocial conduct. Thus, it appears that
there seems to be a general consensus concerning an inverse rela-
tionship between serotonin levels and the expression of aggressive
behavior as determined by methods employing fenfluramine as an
experimental tool.

A somewhat more extensive approach included a variety of
studies that examined the effects of drugs that selectively affect 5-
HT receptors as well as those whose properties affect other receptor
systems as well. These studies are considered in this section. Con-
cerning the effects of administration of selective 5-HT receptor
compounds, Several studies have examined the effects of the 5-HT
reuptake inhibitor, fluoxetine, upon different groups of patient
populations [20,22]. In one study, patients who initially displayed
positive correlations between prolactin responses to d-fenfluramine
and improvement on an Overt Aggression Scale directed against
aggression and irritability were later tested following fluoxetine
administration [22]. The results indicated a significant improvement
in the overt aggression scale as a result of treatment with fluoxetine,
thus providing evidence that the anti-aggressive actions of this drug
are dependent upon activation of brain 5-HT synapses. Similar
findings were reported by the same investigators following fluoxet-
ine treatment in outpatients with histories of impulsive aggressive
behavior and irritability, utilizing the Overt Aggression Scale di-
rected against aggression and irritability relative to patients admin-
istered placebos [20]. Moreover, these patients displayed reductions
in aggression scores that were sustained for 2-3 months of treat-
ment. Similar findings were also reported following fluoxetine ad-
ministration to women diagnosed with borderline personality disor-
der [104]. The issue had been raised that fluoxetine administered in
the treatment of depression, alcoholism, eating and obsessive-
compulsive disorders may be associated with heightened levels of
aggressive behavior. However, a meta-analysis did not provide
support for this notion [41].

It should be noted that not all studies utilizing 5-HT reuptake
inhibitors have demonstrated similar results. In an early study [75]
the antidepressant drug, trazodone, yielded inconsistent results in a
study of a small sample of seven patients, in which three patients
displayed reductions in aggression and another three showed no
clear-cut change in aggressiveness. Perhaps, the inconsistency in
this finding may be due to the small sample size, dose levels em-
ployed, or possibly to non-specific effects of the drug.

Several other studies have been reported in the literature that
has tested relatively selective 5-HT compounds against aggressive
behavior. In one study, 12 normal male subjects were selected for
study on the basis of high aggression scores on the Buss-Durkee
Inventory Scale [17]. Endocrine responses (i.e., prolactin, growth
hormone, cortisol, ACTH) were measured following administration
of the 5-HT, antagonist, ipsapirone. It was of interest to note that
subjects who displayed blunted endocrine responses in response to
ipsapirone treatment (i.e., suggesting reduced serotonergic activity),
also displayed higher ratings on aggression. Thus, this finding is
clearly consistent with the observations resulting from the studies
described above in that, in the present study, heightened levels of
aggression are linked to decreases in serotonergic activity in the
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brain, while, in the those considered above, increased serotonergic
activity in the brain is associated with reduced levels of aggression.

The relationship between serotonin and endocrine responses in
altering the expression of aggressive behavior extends to gonadal
hormones (see review in Birger ef al. [5]). For example, Higley and
Mehlmen [45] showed that the rate and intensity of aggressive be-
havior in subjects with reduced 5-HIAA levels in the CSF were
exaggerated and that these same subjects also displayed high testos-
terone concentrations. Of further importance, reduced serotonin
activity was linked with impulsivity, while increased testosterone
was associated with competitive aggression. Thus, it was suggested
that the inverse relationship between 5-HIAA and testosterone lev-
els might result in increases in impulsivity and competitive aggres-
sion, which would be expected to increase the severity of aggres-
sive behavior. Consistent with these findings, genetic studies using
consomic Y-chromosome strains of rats have provided further sup-
port for the serotonin-testosterone-aggression relationship. Toot et
al. [94] crossed Spontaneously Hypertensive Rats (SHR) with nor-
motensive Wistar-Kyoto rats WKY) to generate animals whose
only genetic difference was the type of Y chromosome that they
possessed (SHR Y-chromosome or WKY Y-chromosome). Aggres-
sive behavior, as determined by attack number, as well as wounding
and scarring scores in the resident-intruder test, was more pro-
nounced in males with the SHR Y-chromosome than in males with
the WKY Y-chromosome [94]. The more aggressive rats also
showed increased serum levels of testosterone coincident with re-
duced serotonin levels in the amygdala compared to the less aggres-
sive rats. Based on these findings, the authors suggested that the
between strain differences in aggressive behavior as well as endo-
crine and neurochemical changes were due to a mutation in a region
of the Y-chromosome.

There are also a wide variety of studies that are briefly summa-
rized below because the drugs employed are known or believed to
involve at least in part, the serotonin system. The difficulty inherent
in relating the results of such studies to serotonin function is that
these drugs are known to affect other or multiple receptor systems.
In fact, one could argue that the placement of such studies under the
heading of different neurotransmitters would be just as logical, but
are kept in this section because of the overwhelming evidence link-
ing serotonin activity in the control of aggression and impulsive
behavior.

A number of studies have employed lithium for the treatment of
disorders such as bipolar disorder and depression. In addition, a
number of papers have reported positive effects of the use of lith-
ium in the treatment of aggressive disorders as well [2,7,64,65,88].
Lithium is believed to affect neurotransmitter and receptor systems,
in particular by increasing serotonin synthesis and decreasing nore-
pinephrine release. In one case report, it was concluded that lithium
administration resulted in a decrease in the frequency of aggressive
outbursts in two brain-injured children [2]. In a more extensive,
well-controlled double blind study, it was reported that lithium
reduced aggression in an in-patient population (relative to placebo
treated control patients) as measured by ratings on the Overt Ag-
gression Scale. Although the authors concluded that lithium was
safe for short-term treatment of aggression, many of the subjects
reported side effects of the drug such as nausea, vomiting and fre-
quent urination, thus complicating interpretation of the data. Similar
conclusions were drawn from a study utilizing conduct disordered
children in which ratings of aggression decreased significantly over
time [64].

A number of other findings described in the literature have also
given support to the role played by serotonin in the regulation of
aggressive behavior. Several reports have provided evidence that
olanzapine, which has a high affinity for serotonin and dopamine
receptors, can reduce aggression in female patients with borderline
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personality disorder [104] and in children with Tourette’s syndrome
[90]. Another study reported that application of the drug, quetiap-
ine, which is believed to function as an antagonist at dopamine and
5-HT receptors, was also effective in reducing outbursts and impul-
sive aggressiveness in patients suffering from borderline personality
disorder [1]. Again, it cannot be determined whether the suppres-
sive effects upon aggression were the result of the drug’s actions on
dopamine or 5-HT receptors. Moreover, it the drug did affect 5-HT
receptors, it cannot be determined which of the 5-HT receptors
were blocked. In addition, this drug was not without its side effects
in that it caused somnolence, dry mouth and dizziness, thus again
complicating interpretation of the data.

GABA

Several basic differences exist between the studies utilizing
compounds related to serotonin and those associated with GABA.
One major difference is that many more studies related to serotonin
have been directed against aggressive behavior in both normal and
patient populations than those utilizing compounds related to
GABA. A second difference is that, in general, the GABAergic
compounds were ones designed for the study of seizures disorders
and not for the study of aggression or related emotional disorders.
Anti-epileptic drugs are frequently directed against seizures whose
primary foci are situated within limbic system structures compris-
ing principal components of the temporal lobe that also powerfully
modulate aggressive behavior. Accordingly, it is reasonable to un-
derstand how these drugs could also affect aggressive processes.
The studies described below summarize the effects of several anti-
convulsant drugs directed against GABA receptors upon aggressive
and impulsive behaviors.

A number of studies have examined the effects of two closely
related anticonvulsant drugs, valproic acid and divalproex, upon
impulsivity and aggression in patient populations. Valproic acid is
presumed to enhance GABA function in the brain by acting as a
transaminase inhibitor, thus preventing its conversion to glutamate
in glia. A retrospective study was conducted by Lindenmayer and
Kotsaftis [58] which described the findings of 17 separate case
reports. For the most part, patients employed in these studies were
diagnosed with mental retardation, organic brain syndromes, de-
mentia, schizophrenia, bipolar or borderline personality disorders.
Collectively, the case studies reported an approximate 50% reduc-
tion in aggressive outbursts following administration of valproic
acid. An illustration of one such study is cited here. In this study,
[102] four of five patients who suffered traumatic brain injury re-
sulting from automobile injuries and a fifth experienced toxic en-
cephalopathy. In each of these cases, treatment with valproic acid
was reported as having been effective in reducing aggressive and
destructive behaviors.

Several methodological issues arise from these studies. One
major concern here is the absence of double blind designs in the
respective studies. In fact, in a recent study in which a double-blind,
placebo design was employed, involving children and adolescents
with pervasive developmental disorders, no differences were re-
ported between valproate and placebo treated groups over an eight
week period [42]. A second concern is that the doses of drug ad-
ministered ranged widely from study to study. Thirdly, the wide
range of patient populations studied creates difficulties in generat-
ing overall comparisons of the data. Fourthly, the length of time in
which these studies were conducted may not have been optimal and
need to be extended. Nevertheless, the data suggested that valproic
acid was most effective when used to treat patients with organic
brain syndromes, and somewhat less effective with those character-
ized with dementia, mental retardation and bipolar disorder.

Although the precise mechanism of action of divalproex is not
known, it is related to valproic acid and, like valproic acid, its activ-
ity results in increased levels of GABA within the brain. In one
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study, Kavoussi and Coccaro [48] employed 10 patients who were
diagnosed with personality disorder. These patients were treated for
eight weeks with divalproex sodium and clinical ratings for impul-
sive aggression and irritability were made bi-weekly, utilizing a
modification of the Overt Aggression Scale. In six of the eight pa-
tients who completed the study, significant improvement was
shown in terms of control of irritability and impulsive aggression,
leading these authors to conclude that divalproex sodium can be
used for the effective treatment of impulsive aggressive behavior.
Consistent with the previous findings, a retrospective study compar-
ing violent and non-violent hospitalized patients treated with Dival-
proex suggested to the authors that this drug had a calming effect
upon the patients studied. Although this study did not employ a
double-blind paradigm, the results were consistent with the follow-
ing study which did employ such a paradigm. In this study, a rela-
tively larger sample size of patients diagnosed with borderline per-
sonality disorder, were treated with divalproex for 12 weeks (N=20
drug-treated vs N=32 placebo treated) [46]. The results suggest that
both trait impulsivity and state aggression symptoms were reduced
following drug treatment in patients with borderline personality
disorder.

In another related study, Nickel ef al. [72] examined the effects
of topiramate upon aggressive behavior in female personality disor-
der patients. Unlike valproic acid, topiramate appears to have some
non-specific properties in that it inhibits excitatory neurotransmis-
sion through its actions on kainate and AMPA receptors as well as
enhancing GABA activated chloride channels. Therefore, the prop-
erties of this drug make it more difficult to ascertain whether its
effects are due to its actions on excitatory or inhibitory amino acids.
The study, employing double-blind and placebo controls, neverthe-
less demonstrated that application of this drug resulted in improved
scores on various scales measuring anger. In a separate study, flu-
mazenil was employed for the treatment of aggressive behavior in
male adults with histories of conduct disorder [93]. This study is
included here because flumazenil, which is a benzodiazepine an-
tagonist, is known to reverse the effects of benzodiazepines by
competitive inhibition of the benzodiazepine binding site on the
GABA, receptor. In contrast to the previous studies described
above, the findings of this study failed to reveal any changes in
aggressive responding following flumazenil treatment.

One other study should be noted here that concerns the drug,
oxcarbazepine. This drug shares one similarity with those described
above as it is an anticonvulsant compound. On the other hand, it
differs from the others in that it is believed to reduce neuronal ac-
tivity by inhibiting sodium channels. Although the specific neuro-
transmitter-receptor systems upon which it acts have not been
clearly defined, it has been suggested that oxcarbazepine, as well as
the related compound, carbamazepine, may act through GABA
receptors [61]. In this placebo controlled, double-blind study, pa-
tients were selected on the basis of their meeting the criteria for
intermittent explosive disorder. The results, similar to the ones de-
scribed above, suggested that administration of oxcarbazepine pro-
vides benefit to patients who express significant impulsive aggres-
sion.

When taken in its totality, and in spite of the lack of specificity
in some of the drugs with GABAergic properties, it would appear
that the studies described above do, in fact, provide support for the
view that activation of GABA receptors are effective in reducing
impulsive and affective aggressive behavior.

Dopamine

A number of studies, including retrospective analyses, have
been conducted over the past decade which evaluated the efficacy
of a number of antipsychotic (or neuroleptic) agents upon aggres-
sive and impulsive behaviors, which was conducted mainly upon
patient populations. These include such drugs as clozapine, olan-
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zapine, risperidone, haloperidol, chlorpromazine, and loxapine. In
general, a common feature of these drugs is that they appear to act
through dopamine receptors. Typically, drugs such as chlorpromaz-
ine, risperidone, and clozapine affect additional receptor systems as
well, including other monoamine receptors. Thus, one cannot dis-
count a possible role for 5-HT, receptors in studies using such
drugs as well as by possibly affecting the sensitivity of serotonergic
systems (e.g., chlorpromazine). Nevertheless, the effects of these
drugs upon aggressive behavior are included in this section because
of their common antagonistic effects upon the dopamine system.

Several reports have recently emerged describing the effects of
treatment with clozapine upon patient populations [9,50,95-97].
One of these reports is an extensive retrospective analysis involving
a review of the effects of treatment of 331 schizophrenic patients
[95]. In this analysis, it was reported that, prior to drug treatment,
31.4% of the patients displayed overt physical aggression. Follow-
ing an average of 47 weeks of clozapine treatment, the authors re-
ported evidence of a reduction in aggressive incidents to 1.1%. The
authors further pointed out that the effects were not likely attributed
to non-specific factors since there was no evidence of the presence
of sedative or general antipsychotic effects upon these patients.
Moreover, drug treatment also did not appear to affect other symp-
toms associated with the respective disorders associated with these
patients. However, the data comprising this analysis appeared to
lack such controls as a double-blind design and the presence of
placebo treated groups. Based upon two other reviews of the litera-
ture concerning the effects of clozapine upon aggressive behavior,
similar conclusions were drawn with respect to its effectiveness as
an anti-aggressive agent [9,96]. Further support for this conclusion
was reached following a double-blind study testing the effects of
various antipsychotic drugs (i.e., clozapine, olanzapine, risperidone
and haloperidol) upon aggressive behavior in patients with schizo-
phrenia [97]. The major conclusions reached from this study were:
(1) that clozapine was found to be the most effective drug employed
for the treatment of aggressive reactions; (2) that risperidone and
olanzapine were also effective in the treatment of aggression in
these patients, and (3) that a comparison between the effects of
clozapine and haloperidol upon aggression was statistically signifi-
cant. Data highly consistent with these findings were recently re-
ported by Krakowski er al. [50]. It is of interest to note that the
effects of clozapine in reducing aggression were selective relative
to its effects upon other psychiatric symptoms.

The effects of administration of risperidone upon different pa-
tient populations of individuals who displayed aggressive behavior
were determined in two studies. In one of the studies [7] it was
reported that children treated with risperidone three months after
discharge from inpatient hospitalization displayed significantly
improved behavioral ratings as determined by the parents on a New
York Parent Rating Scale for Disruptive Behavior. However, the
presence of standard control procedures was not apparent from this
study. It is of interest to note that in a study involving patients re-
ceiving a diagnosis of Alzheimer’s disease demonstrated that
risperidone administration was significantly more effective than
placebo in treating physical threats and violent behavior.

Not all drugs that act against dopamine receptors have been
successful in the treatment of aggressive behavior. In a retrospec-
tive study involving intellectually disabled individuals conducted
over a 7-year period, it was reported that drugs that included thiori-
dazine or chlorpromazine, or haloperidol, loxapine, or thiothixene,
resulted in significant occurrences of relapses over different periods
of time. It is possible, however, that the negative findings may be
due to or influenced by the dose levels of drugs employed as well as
over the frequencies and time periods in which the drugs were ad-
ministered. One additional study should be noted here. Huizinga et
al. [47] sought to test the hypothesis that specific variations in
monoamine oxidase A genotype affects the relationship between
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exposure to adolescent maltreatment and later antisocial behavior.
This study revealed the absence of any relationship between adoles-
cent violent victimization and monoamine oxidase A as determined
from DNA samples taken from subjects in this study. As indicated
previously, dopaminergic and serotonergic systems are antagonistic
to each other in the modulation of aggressive and impulsive behav-
ior. Therefore, it is not surprising that positive findings were not
observed in this study since monoamine oxidase degrades dopa-
mine, norepinephrine and serotonin. One would thus conclude that
drugs that act upon monoamine oxidase would not likely signifi-
cantly alter aggressive behaviors. Nevertheless, the overall findings
of the studies described in this section do suggest that drugs that act
as antagonists at dopamine receptors are effective in reducing im-
pulsive and aggressive forms of behavior.

Sites in the Brain Where Drugs May Act to Modulate Aggres-
sion and Rage

In the beginning of this paper, we described the primary sites
associated with the expression and modulation of aggression and
rage. Thus, it is reasonable to conclude that likely sites where drugs
would presumably include the hypothalamus and midbrain PAG
from which these forms of aggression are expressed. In addition,
the various structures comprising the limbic system, which play
important roles in modulating aggression and rage, are also likely to
be significant targets of these drugs. These regions include the
amygdala, hippocampal formation, septal area, anterior aspects of
the cingulate gyrus and prefrontal cortex. Of these structures, the
amygdala and prefrontal cortex appear to have the most potent
modulating properties with respect to the regulation of aggression
and rage [83]. The role of the amygdala and its possible neuro-
anatomical substrates and underlying neurochemical mechanisms
were summarized earlier in this paper. Concerning the prefrontal
cortex, experimental animal studies clearly point to the likelihood
that the prefrontal cortex exerts a powerful inhibitory effect upon
aggression and rage [83], for a detailed analysis of this region of the
brain). Attention was initially given to the role of the prefrontal
cortex in the regulation of emotional behavior from the description
of aberrant behavior in the case of Phineas Gage following the pas-
sage of an iron rod through his skull, causing massive damage to
the frontal region of his brain [38]. In recent years, an increasing
body of studies, utilizing imaging methods, have provided evidence
of reduced metabolic activity in the prefrontal regions of aggressive
patients with personality disorders [71]. Concerning the relationship
of transmitter function in the prefrontal cortex of patients displaying
impulsive aggression, New et al. [71] provided evidence that pa-
tients diagnosed with borderline personality disorder and adminis-
tered fluoxetine displayed both improvement on the Overt Aggres-
sion Scale as well as increases in metabolic rates in the orbitofrontal
cortex. Thus, this study provides direct evidence that selective sero-
tonin reuptake inhibitors act, at least in part, through the prefrontal
cortex in suppressing impulsive aggression. This study, however,
does not preclude the possibility or likelihood that such drugs act
through other regions of the brain, notably the hypothalamus and
PAG, to modulate aggression and rage.

CONCLUSIONS

In summary, the anatomical substrates and neurochemical
mechanisms underlying aggression and rage behavior are becoming
more clearly understood. Indeed, this level of knowledge has pro-
vided the rationale bases for the application of drugs for the treat-
ment of specific forms of aggressive and impulsive behavior. Most,
if not all, of the drugs used for treatment have been applied to the
study of affective (defensive) rather than predatory aggression. The
primary pathways underlying the expression of affective (defen-
sive) rage behavior arise mainly from the anterior medial hypo-
thalamus and project to the dorsolateral aspect of the PAG. The
medial hypothalamus receives significant excitatory input from the
medial amygdala, the effects of which are mediated by substance P
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acting through NK, receptors. Other excitatory inputs to the medial
hypothalamus are mediated through monoamines, acting upon
noradrenergic o, dopaminergic D,, and serotonergic SHT, recep-
tors. Inhibitory inputs to the medial hypothalamus include mainly
GABAergic neurons from the lateral hypothalamus and possibly
elsewhere acting through GABA, postsynaptic receptors, and sero-
tonin, acting through 5-HT;, receptors. The principal neurotrans-
mitter associated with this pathway is glutamate whose functions
are mediated by NMDA receptors in the PAG. Other neurotransmit-
ters or neuromodulators that potentiate defensive rage at the level of
the PAG include subtance P, acting through NK, receptors, and
cholecystokinin, acting through CCKp receptors. Inhibitory inputs
to the PAG include GABAergic neurons, which likely function as
interneurons within the neutrophil, powerful enkephalinergic neu-
rons that arise from the central nucleus of amygdala and which
project to the PAG, acting through opioid W receptors, and sero-
tonin, acting through 5-HT, A receptors. The outputs from the PAG
which contribute to the expression of rage behavior include path-
ways directed to both autonomic nuclei of the lower brainstem and
to somatomotor nuclei of cranial nerves V and VII, which allow for
the vocalization components of this behavior as well as indirectly to
lower cervical levels of the spinal cord which contribute to the use
of the forepaw in attacking the target animal. An ascending compo-
nent of the output of the PAG supplies the medial hypothalamus,
thus providing a positive feedback to the medial hypothalamus,
which permits prolongation of the rage response. Recent studies
have revealed the potential importance cytokines, IL-1 and IL-2 in
the regulation defensive rage behavior. These cytokines mediate
their modulating effects through GABA,, 5-HT )4, 5-HT,, and NK;
receptors in the medial hypothalamus and PAG. Knowledge of the
neurotransmitter mechanisms regulating predatory attack behavior
is not well understood.

A number of methodological problems are inherent in studies
conducted in humans, including the fact that few if any of the sub-
jects utilized for such studies are tested for predatory modes of
aggression. Nevertheless, important conclusions have been sug-
gested from these findings. These include the likelihood that drugs
that have agonist-like properties or increase levels of serotonin and
GABA in the brain reduce levels of aggressiveness and impulsive
behavior. Likewise, drugs that are related to dopamine and antago-
nize the action of this neurotransmitter also have been found to
have positive effects upon aggressive and impulsive behavior.
Moreover, we know very little about possible interactions between
and among neurotransmitter systems. It may be entirely possible or
even likely that behavioral changes linked to specific forms of ag-
gression involve reciprocal interactions among several neurotrans-
mitters, manifested by either increases and/or decreases in each of
the systems. These possibilities clearly complicate our understand-
ing of the role of neurotransmitters in the regulation of aggressive
forms of behavior and point to the need for further studies directed
at clarifying the relationships between these neurotransmitter sys-
tems. An emerging path of investigation, based mainly on animal
studies involving the use of cytokines for the regulation of aggres-
sion and rage behavior, is lacking in studies conducted along these
lines in humans. Further investigations in this area conducted both
on the animal and human level may hopefully reveal new insights
into the mechanisms underlying aggression and rage behavior.
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