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ABSTRACT

AN ANALYSIS OF THE MECHANISMS UNDERLYING SEPTAL AREA 
AND CINGULATE GYRUS CONTROL OF 

HYPOTHALAMICALLY ELICITED AGGRESSION IN THE CAT
by

Martin Brutus 

Adviser: Professor Solomon Steiner
This experiment was performed in order to examine 

several of the underlying mechanisms by which the septal 
area and adjacent regions regulate quiet biting attack 
behavior elicited from electrical stimulation of the hypo­

thalamus in the cat. This behavior begins with quiet 
stalking of the rat and ends with a lethal bite directed at 

the back of a rat's neck. There is little sympathetic 
nervous system involvement other than some pupillary dilata­

tion .
The results indicate that stimulation of the septal 

area and anterior cingulate gyrus increased the latency for 

the occurrence of quiet biting attack behavior. Those sites 
within the septal area from which inhibition of attack can 
be produced are linked to sensory mechanisms associated with 
trigeminal reflexes activated during hypothalamic stimula­
tion. Stimulation of these septal area sites decreased the

lateral extent of the "effective sensory fields of the

Upline established during hypothalamic stimulation, but
did not appear to have any effect upon the latency of the
hypothalamically-elicited jaw opening response.



14[ C ]-2-deoxy-D-glucose is a labeled structural 
analogue of glucose which can serve as a marker for in­
creased glucose utilization. Since it has been established 
that a close relationship exists between energy metabolism 
and functional activity in central nervous system tissues, 
it has been possible to provide pictorial representations of 

the relative rates of glucose utilization during different 
stimulation elicited behaviors. Deoxyglucose autoradio­
graphy revealed that the inhibition resulting from stimula­

tion of the lateral septal area may be due to either the 
monosynaptic activation of the lateral hypothalamus or the 
polysynaptic activation of this area utilizing a circuit in­
volving the nuclei of the diagonal band of Broca.

It would appear that such limbic system structures as 

the septal region and cingulate gyrus provide tonic and/or 

phasic inhibitory control over hypothalamic organization of 
aggressive behavior, thereby reducing aggressive behavior 
to levels appropriate to the organism's stimulus environ­

ment. They do this in part, by modulating the trigeminal 

sensory components of the attack response. A fuller under­

standing of the neuropathology, neuropharmacology and 
neuroanatomy of aggression can allow for noninvasive drug or 

other therapeutic strategies to control nonadaptive aggres­

sive behavior.
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INTRODUCTION
The problems generated by human violence and aggression 

have provided the impetus for the sustained research efforts 
in the fields of psychiatry and neuroscience of aggression 
during the past half century. Although much has been 
learned about violence and aggression, the neural bases 

underlying control of aggressive behavior, is still largely 
undetermined and therefore practical applications of such 

knowledge remains limited. Attempts to control or mani­
pulate aggression essentially require an understanding of 
the extrinsic stimulus events that elicit it and the func­
tional organization within the brain that allows for its 
expression.

Although there are many general similarities in the 

response topography and behavioral end-points of aggres­
sion, the particular patterns of aggressive behavior do dif­
fer. This would suggest that the neural circuits utilized 
are to some degree similar or overlapping but also dif­

ferent. On the other hand, the stimulus situations that 
elicit aggressive or agonistic behavior may vary consider­
ably. These different kinds of environmental situations or 

triggers that elicit aggressive behavior have therefore been 

used to define the various types of responses (Moyer, 1976). 
Aggression is associated with the need for food (predatory), 
fear of environmental threats (defensive), protection of 
one's territory (territoriality), social dominance (inter­

male), protection of one's young (maternal), environmental
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frustrations or obstacles (irritable), sexual contact (sex- 
related) and positive or negative affect or reinforcement 
(instrumental). Perhaps even other types of aggression 
exist. In the natural environment, a particular instance of 

aggression may involve a combination of these classes.
To study the neural mechanisms of aggression in the 

laboratory, animal models have been developed to control for 
the experimental variability found in the natural setting or 

in ethological experiments (Flynn, 1967; Flynn, 1972; Flynn, 
1976; Flynn et al., 1970; Clemente & Chase, 1973; Goldstein, 
1974; Moyer, 1976). Examples of these include isolation- 
induced aggression, frustration-induced aggression, pain- 
induced aggression, aggression due to overcrowding, spon­

taneous aggression, predation, intra-species fighting and 

electrical brain stimulation induced aggression.
The blocking of ongoing goal-oriented behavior can pro­

duce frustration-induced aggression (Dollard et al. , 1939;

Buss, 1961; Berkowitz, 1962, 1969; Miller, 1941; Bateson,
1941). Korn & Moyer (1968) placed a rat in isolation in a 
single cage for a month. This resulted in frantic escape 
attempts when the experimenter attempted to handle or 
restrain the rat. If cornered, the rat repeatedly tried to 

bite the experimenter. Largerspetz and Murmi (1964) taught 
mice to obtain food at the end of a runway. They blocked the 
goal box after the response had been well learned. The pro­
cedure resulted in aggression only when another mouse was 
present in the chamber. However, if the goal object is not
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available, the experimental subject is said to be deprived 

(Berkowitz, 1962, 1969). Social deprivation or isolation
can also result in aggression (Harlow, 1962). Almost all 
species show aggression after isolation (Valzelli, 1969; 
Hatch et al. , 1963; Brain, 1973; Platt et al., 1967; Kuo,
1967). Application of a painful stimulus such as footshock 
(Johnson et al., 1972; Ulrich, 1967; Ulrich et al., 1965)

will result in pain-induced aggression. The most common 

procedure utilized, involves the application of shock to the 
feet of two rats in a box with a grid floor. Application of 
shock makes the rats assume a boxing or fighting posture. 
Monkeys have also been shown to attack mice, rats and even 
other monkeys when shocked (Azrin et al. , 1964). Insuff­
icient space or high population density can also lead to 

fighting (Scott, 1944). Bevan et al., (1960) divided aggres­
sion into two classes: spontaneous aggression and compet-
itive aggression. The only identifiable stimulus in spon­

taneous aggression appears to be the physical proximity of 
another animal. Competitive aggression occurs when two or 
more animals pursue the same goal object simultaneously. 

Valzelli (1967) includes both intra- and interspecies 
aggression under the category of spontaneous aggression. 

Predatory aggression is attack behavior directed against an 

animal's natural prey. It leads to the destruction or in­
jury of the prey (Myer & White, 1965; Karli & Vergnes, 1963; 
Bandler, 1961; Karli, 1956). One type of intraspecies 
fighting includes inter-male aggression. This involves the
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hostility of a male in one species with another male con- 
specific to which the attacker has not become habituated. 
Examples include a male mouse which will attack another male 
mouse, but not a young mouse or a female (Scott & 

Fredericson, 1951). Also a rat will attack a strange member 

of the same species, but will rarely attack a member of its 
own group (Barnett, 1963; Eibl-Eibesfeldt, 1961). In

electrical brain stimulation - induced aggression stimula­
tion of the lateral or ventromedial hypothalamus of the cat 
will result in quiet biting or predatory attack and affec­

tive or irritable aggression (Wasman 6 Flynn, 1962), respec­
tively.

It is appropriate to analyze neural mechanisms in the 

somewhat simpler animal models of aggression such as in the 
rat or cat and then to cautiously extrapolate to or apply 

these insights to those mechanisms underlying the vastly 
more complex neural substrates of aggression in man 
(Goldstein, 1974; Siegel and Edinger, 1979). The animal and 
clinical literature suggest that there exist functionally 
discrete brain regions that play a critical role in the ex­
pression of both offensive and defensive aggressive 
behaviors. The hypothalamus appears to play a central role 
in the organization of naturally occurring and also elec­

trical brain stimulation models of aggressive behaviors in 

both man and animals (Wasman & Flynn, 1962; Flynn, 1976; 

Clemente and Chase, 1973; Moyer, 1976).
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In the laboratory, electrical stimulation of separate 

regions of the feline (Wasman & Flynn, 1962), rodent 
(Panksepp, 1971) and oppossum (Roberts et al., 1967) hypo­
thalamus is known to elicit two forms of species specific 
aggressive behavior: quiet biting attack and affective
attack behavior (which is also called affective defense or 

display).

Behavioral Studies
Affective Attack (Defense). An experimental model for 

defensive aggression that can be readily employed within the 
laboratory is the feline affective display (AD) response, 

which is similar to the caricatured response of the black 

"halloween" cat with arched back, hair standing on end 
(piloerection), spitting and hissing. An illustration of 
this form of aggression is depicted in Fig. 1. In the 
laboratory setting, the AD response can readily be elicited 

by electrically stimulating the medial portions of the hypo­
thalamus (Hess and Brugger, 1943; Wasman and Flynn, 1962; 
Ranson, 1936-37}. These studies have revealed that affec­
tive reactions could be elicited from the dorsomedial, peri- 
fornical and the ventromedial regions of the hypothalamus. 

Brainstem regions such as the midbrain central gray, the 

lateral tegmental fields adjacent to the brachium of the 

inferior colliculus (Magoun et al., 1930; Hunsperger, 1956; 

Skultety, 1963) and medial portions of the pons and medulla 
(Coote et al. , 1973) also produce affective defense during
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Fig. 1. Typical affective attack response elicited by 
electrical stimulation of the ventromedial hypothalamus 
(Flynn, 1972).
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Fig. 1.
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stimulation. Detailed maps of hypothalamic sites from which 

affective defense reactions can be elicited have been pro­

vided by Nakao (1958), Gluzman and Roizin (1960), Wasman and 

Flynn (1962), Skultety (1963), Hunsperger (1956) and others.
Stimulation of the ventromedial hypothalamic nucleus 

in the cat results in sympathetic nervous system activation 
producing pupillary dilation (mydriasis), piloerection, ear 
retraction, urination, growling or vocalization, hissing, 
finally culminating in a paw strike or defensive attack 
behavior (Ranson 1934; Hess & Brugger, 1943; Wasman & Flynn, 
1962) . While the end result of this response pattern during 
electrical stimulation is aggressive in nature, the attack 

response does not appear to be either solely directed at the
natural prey object nor is it done so with lethal intent.

The response may be directed at any moving object available 
in the visual field of the cat. In addition to preparing 
the organism for a fight situation, the recruitment of an 
increasing number of the various sympathetic response 
systems described above can serve as a warning stimulus to 
environmental threats. Therefore it is likely that it is 
largely a defensive response which begins as a fear response 
only to change to rage at the end. This warning signal
enables the organism to ward off potential involvement in

aggressive confrontations and provides a natural adaptive 

mechanism that minimizes energy loss and therefore has sur­
vival value. This response is clearly expressed to dif­
ferent degrees in the presence of various environmental
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threats and is required for the defense of one's territory, 

protection of one's young, in situations involving social 
dominance and even in situations involving sexual contact or 
environmental frustrations (Moyer, 1976).

The AD response is also associated with aversive events 
(Adams & Flynn, 1966; panksepp, 1971) and animals will 
therefore escape (Panksepp, 1971) from this type of elec­
trical brain stimulation. As a matter of fact, in the 
natural setting, the natural outcome of an unsuccessful AD 
response (as evaluated by the threatened organism) to an im­

posing or life threatening stimulus is flight behavior.
Quiet Biting Attack. A form of aggressive or predatory 

behavior (Wasman & Flynn, 1962) called quiet biting attack 

(QBA) is prevalant in carnivores, and bears a resemblance to 
the behavioral pattern of a lion in a natural setting, 
stalking, attacking and killing an antelope (Berntson et 

al. , 1976). QBA can be used as an experimental model for

offensive aggressive behavior in the laboratory. This 
attack response can be elicited by electrical stimulation of 
portions of the feline hypothalamus lateral to a nerve fiber 
bundle called the fornix, from the preoptic area throughout 

the rostro-caudal extent of the hypothalamus. QBA can also 
be elicited by stimulation of the midbrain ventral tegmental 
area (Bandler et al., 1972), the pontine tegmentum 

(Berntson, 1973) and such thalamic nuclei as the mediodorsal 
nucleus (posterior aspects of it) and the nucleus reuniens 
(MacDonnell and Flynn, 1968). In the cat, this response is
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characterized by an initial crouching, followed by searching 
and stalking of the prey in a clearly directed or calculated 
manner as compared to the more variable affective defense 
response. Latency to attack is used as the dependent vari­

able and is defined as the time from onset of stimulation to 
the moment the cat's teeth make contact with the back of a 

rat's neck. This response culminates in a vigorous and 
generally fatal bite to the nape of the neck of an anesthe­
tized rat or other anesthetized prey. Other than some 
mydriasis (pupillary dilation), other overt sympathetic 

signs are not visible. This serves to enhance the success 

of this largely cold blooded response. Sympathetic arousal 

evident during affective display would presumably only serve 

to warn the prey of the predator's presence and obstruct the 
outcome. Illustration of this form of aggression can be 
seen in Fig. 2.

Although predatory behavior by definition involves the 
hunting of prey for food, electrical stimulation of the 

lateral hypothalamus can be differentiated from feeding be­
havior (Flynn et al., 1970; personal observations). In our 

hands (Siegel, 1982), QBA is a very specific behavioral se­
quence and feeding behavior is rarely if ever elicited from 

sites eliciting quiet attack. During stimulation of the
hypothalamus, most cats displayed QBA behavior only, and 

typically passed by a dish of cat chow placed between the 

cat and the anesthetized rat. In addition, experimental

procedures which affect feeding, such as food-deprivation,
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Fig. 2. Quiet biting attack response elicited by electrical 
stimulation of the lateral hypothalamus(courtesy of Allan 

Siegel).
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Fig. 2.
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do not appear to affect electrically elicited predatory 

attack {Flynn, 1970; Paul, 1972). Twenty-four to forty- 
eight hour food-deprived cats, which by-passed food to 
attack a rat during their normal diet, interrupted eating 
horsemeat to attack a rat following electrical stimulation 
of a hypothalamic attack site (Flynn et al., 1970). Stimu­

lation of the lateral aspects of the hypothalamus of the cat 
therefore seems to activate clearly defined aggressive com­
ponents of the predatory response and not the end point of 
this behavioral sequence, namely feeding. It has also been 
our experience and that of others (Levinson & Flynn, 1965) 
that cats will attack (QBA) a live or anesthetized rat more 
frequently than a dead rat or objects that are progressively 

less similar to this natural prey, such as stuffed animals, 
dogs or styrofoam blocks. In the presence of the appropri­
ate prey object, the predator will discriminate and attack 
species-specific stimulus targets (discriminative stimuli), 

whereas in their absence there will be response generaliza­
tion and attack of prey objects according to their 
similarity in physical appearance and other parameters (such 

as odor, texture, etc.), to their natural prey (discrimina­
tive stimulus) (Siegel & Edinger, 1979; Levinson & Flynn, 

1965) .
Although some researchers indicate the specificity of 

the quiet attack response as an aggressive response, others 

suggest that feeding can also be elicited from their attack 

sites in the rat (Panksepp, 1971) and cat. Rats exhibiting
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quiet attack behavior will eat food pellets or gnaw a block 
of wood when mice are not available (Panksepp, 1971). Cats 

are also known to initiate feeding behavior from placements 
eliciting quiet attack if current intensities are lowered 

(Hutchinson & Renfrew, 1966).
Valenstein's (1968) data on eating, drinking or gnawing 

in the rat also challenged the hypothesis that specific 

hypothalamic substrates subserve separate response topogra­
phies based on the fact that electrically elicited be­

havioral responses are expressed in the presence of appro­
priate environmental triggers. In the absence of a 
particular class of triggers, other behaviors similar in 
nature will be expressed during the stimulation, appropriate 
to the stimulus conditions remaining. This is reminiscent 
of recent research on environmental triggers of endogenous 
pain-inhibitory systems (Bodnar, 1985; Terman et al., 1984) 

which suggest that the diversity and complexity of environ­
mental stimulus events has allowed multiple neural systems 
to evolve in order to receive and activate differential 
analgesic responses, thus providing optimal coping and 
adaptive behavior. Therefore at least quiet attack behavior 

in the rat may not be subserved by fixed brain circuits be­
cause it has not provided as high a degree of survival value 
during evolution. It is likely therefore, that it would be 
more difficult to elicit only quiet attack during electrical 
stimulation or when appropriate environmental stimuli are 

present. The carnivore on the other hand has physically
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evolved to be able to stalk and emit clearly defined biting 
attack behavior when electrically stimulated or environ­

mentally triggered. Although the environmental triggers of 
attack behavior have been studied in some species, numerous 

others have not and therefore this certainly leaves the 
issue of attack response topographies for most species other 

than in the carnivore open to some degree.

An alternative explanation of mixed responses, both 
aggression and feeding, from stimulation of a single hypo­
thalamic site is that the electrode was implanted in a 
region bordering both an attack and feeding substrate (per­
sonal observations). In this circumstance, since the elec­
trode placement is not exclusively stimulating either 
system, some environmental triggers may be more influential 
than others in accessing those afferent systems in eliciting 
one response pattern over the other. A third explanation 

could be that variability in hypothalamic current intensity 
(e.g. increases or decreases) and therefore spread of cur­
rent, could access larger or smaller areas of tissue with 
more or less involvement of one behavior over the other. 
Finally, stimulation of the smaller rat brain at controlled 
current intensities would likely involve the activation of 

more cells and fiber bundles than similar stimulation of the 

region in question in the comparatively larger cat brain.
Another aspect of quiet biting attack behavior, unlike 

the affective defense response (Adams & Flynn, 1966; 
Panksepp, 1971) is the likelihood that it is positively re­
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inforcing. Although it is not true for all cases, rats are 
known to self-stimulate from brain sites that also elicit 

attack behavior (Panksepp, 1971). Finally, rats will also 
learn a discrimination task in order to obtain the oppor­

tunity to kill (Myer & White, 1965).

Lesion Studies and Aggression
Lesion or ablation studies attempt to determine whether 

a specific brain region mediates a behavioral response. The 
presence or absence of the behavior in question, following 
the surgical removal of the brain locus, therefore, provides 
a limited answer to this problem. An increase in the be­

havioral response would suggest that the region normally in­
hibits the behavior. A decrease in the behavioral response 
would suggest that the region normally stimulates or disin- 

hibits the behavior.
Early work involving cortical ablations was found to 

increase aggressive displays in dogs (see Goltz, 1982). 
Woodworth and Sherrington (1904) were able to elicit the be­
havior characteristic of a highly emotional state in a 
decerebrate cat. They suggested the response be called 

"pseudo-affective" since it closely resembled the normal 

aggressive cat, but the eliciting stimulus was electrical 
brain stimulation as opposed to a natural stimulus. Similar 

behavior was termed "sham rage" by Bard (1928). In the en­
raged cat, retraction of lips, exposure of canines, pupil­
lary dilation, piloerection or arching of the back are pre­
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sumably expressions of an inner feeling (Flynn et al.,

1971). Inner feelings are presumed to be cortical or hypo­
thalamic in origin. However inner feelings are not neces­
sary for the expression of rage, since decerebrate (fore­
brain removed) and hypothalamic (forebrain except for 

posterior hypothalamus is removed) cats do exhibit rage 

behavior.

Other early evidence seemed to point to brainstem and 

diencephalic but not neocortical involvement in the elicita­
tion of rage behavior (Bazett and Penfield, 1922; Keller, 

1932; Cannon and Britton, 1925). The posterior hypothalamus 
and brainstem appeared to be critical for its expression
(Bard, 1928; Masserman, 1938; Ingram et al., 1936; Ranson,

1936-37) since lesions placed caudal to the posterior hypo­
thalamus prevented rage behavior during the presentation of

somatic or other stimuli which normally elicited this 
response. Demonstration that bilateral damage to the 

ventromedial hypothalamus produced a permanently savage cat 
provided further evidence in support of this role for the 

hypothalamus (Wheatley, 1944; Glusman, 1974). Since lesions 
of the ventromedial hypothalamus produced effects similar to 
electrical stimulation of this region, Glusman (1974) sug­

gested that the neurons in intact regions such as the mid­
brain central gray, from which affective aggression could 
still be obtained experienced denervation supersensitivity. 

When a functional chain of neurons at higher centers in the 
nervous system (ventromedial hypothalamus) are destroyed,
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the activity at lower centers (midbrain central gray) they 
control is generally increased. The supersensitivity is 
greatest for the links which immediately follow the severed 
neurons and progressively less for the more distal elements 
in this chain. The result of loss of nerve input to a region 
may cause a deficiency of a given neurotransmitter. This 

may perhaps result in the increased sensitivity of post- 
synaptic receptors or an increase in the number of active 
receptors for the transmitter. Alternative explanations for 
increased rage included axonal sprouting of ventromedial 
hypothalamic neurons projecting to the midbrain central gray 
sites (Glusman, 1974) or perhaps production of an irritative 
focus in the remaining hypothalamic tissue due to the depo­
sition of metals during the process of making a lesion 
(Rabin, 1968; Reynolds, 1963). Ventromedial hypothalamic 
tumors, perhaps serving as irritative foci in humans can 
also result in threshold reductions for aggressive behavior 

(Reeves and Plum, 1969). Ellison and Flynn (1968) sur­
gically isolated the hypothalamus in the cat and were still 
able to elicit affective defense behavior during electrical 
stimulation of the midbrain central gray or during clamping 
of the cat's tail. This suggests that the hypothalamus was 
not essential for elicited rage but probably was essential 
for spontaneous aggression (Bard, 1928). Given the appro­
priate experimental conditions, brainstem mechanisms appear 

to allow for the expression of affective defense behavior 
while cortical or forebrain systems appear to modulate this
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behavior by either enhancing, facilitating or diminishing 

it.

Electrical stimulation induced Aggression
Electrical stimulation studies provide for a reason­

ably accurate estimation of which brain regions mediate 
attack behavior. An advantage of this response over lesion 
studies is that the aggressive response can be reliably re­
produced and therefore other experimental (e.g. pharmaco­
logical) manipulations can be superimposed upon this pro­

cedure .
Quiet Biting Attack. Quiet biting attack behavior can 

be elicited by stimulating lateral regions of the preoptico- 

hypothalamic continuum (Wasman and Flynn, 1962), the ventral 
tegmentum (Bandler, 1972) and pontine tegmentum (Berntson,
1973). The lateral preoptico-hypothalamic continuum and 
ventral tegmental area also share reciprocal anatomical con­
nections (Chi and Flynn, 1971; Chi and Flynn, 1971b; Nauta, 

1958; Troiano and Siegel, 1975; Chi et al., 1976). Since

lesions of the ventral tegmental area diminish this attack 

behavior (Proshansky and Bandler, 1975), it is likely that 
the medial forebrain bundle is integrally involved in the 
expression of this behavior. Stimulation of lateral hypo­
thalamic neurons is also known to have excitatory effects on 
midbrain neurons which are known to course within this 

system (Edinger et al., 1977; Sutin et al., 1975). Elec­
trical stimulation of the ventral tegmental area produces a



- 20 -

less directed and more stereotyped form of quiet attack. 
Facilitation of quiet biting attack is associated with 
stimulation of the lateral (Shaikh et al., 1984) and dorsal 
(Sheard and Flynn, 1966) half of the tegmentum while sup­
pression of quiet attack is associated with stimulation 

region near the midline. Lesions of the dorsal tegmentum 
increase thresholds for such behavior (Berntson, 1972).

The midline thalamic nuclei such as the mediodorsal 
nucleus (posterior aspects) and the nucleus reuniens also 
elicit quiet attack when stimulated (Bandler and Flynn,
1974). Anatomical evidence supports the likelihood that 
attack associated with these two structures may utilize 
fibers which descend from the posterior aspects of the 

mediodorsal nucleus to either the midbrain central gray or 
first synapse in the nucleus reuniens and other midline 
thalamic structures and then project into the entire extent 
of the preoptico-hypothalamus (Brutus et al., 1984a; Siegel 

et al,, 1973a) .
Affective Defense. Affective defense behavior can be 

elicited by stimulation of the medial aspect of the 
preoptico-hypothalamic continuum and also the midbrain 

central gray in the cat (Hess and Brugger, 1943; Wasman and 

Flynn, 1962) and rat (Panksepp and Trowell, 1969). It is 
likely that descending periventricular fibers projecting to 

the midbrain periaqueductal gray are involved in the 
organization of this response since lesions of this system 
can effectively eliminate it (Glusman, 1974). Chi and Flynn
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(1971a) also noted a heavy projection to the central gray 

following lesions of the dorsal and medial hypothalamic 
regions from which AD can be elicited. Stimulation of the 
medial aspects of the reticular formation of the pons and 
medulla can also elicit defensive responding (Coote et al., 
1973) . Decerebration or sectioning at the superior border 

of the pons leaves this defense reaction intact while 

sectioning of the brain between the level of the mesencepha­
lon and diencephalon, leaving the mesencephalon, pons and 
medulla intact, leaves a more complete affective response 
(Hoods, 1964; Bignall and Schramm, 1974), with biting and 
striking components intact. The full expression of affec­

tive defensive behavior requires an intact hindbrain, mid­

brain and posterior hypothalamus (Bard, 1928; Karli et al. , 

1969). In fact, affective defense behavior can be elicited 
by stimulation of a zone extending from the amygdala, along 
the stria terminalis and its bed nucleus which projects to 
the ventromedial hypothalamus to the central gray. 
(DeMolina and Hunsperger, 1959; 1962; Hunsperger, 1956;
1967). Lesions placed at loci progressively further caudal 

along this axis are more effective in abolishing affective 
reactivity.

Effect of Hypothalamic Stimulation on Sensory and Skeletal 
Motor Systems

Integration and cordination of both sensory and motor 

systems by associational and modulatory systems in neocortex 
and the limbic system provide for integrated defensive
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posturing or prey killing (Bandler and Flynn, 1971; Bugbee 

and Eichelman, 1972; MacDonnell and Flynn, 1966a; Smith, 

1972; Thor and Ghiselli, 1973; Thor et al., 1974). Sensory 
systems in this context refers to brain regions which 
process tactile, visual, olfactory and auditory inputs. 
Motor systems here refer to the somesthetic cortex, the 

frontal association cortex (Numan, 1978) and also the cere­
bellum and basal ganglia, which influence proper sensori­
motor cortical sequencing of motor outputs during AD or QBA. 
Thus, head and body orienting, visual searching, body move­
ments, lunging and biting of prey require cortical systems 
for proper motor sequencing, while limbic system structures 
provide for the qualitative appraisal of appropriate 

environmental stimuli in order to modulate these behaviors. 
During these behaviors, the organism appears to be aroused 
and its sensory and skeletal motor systems are prepared in a 
manner comparable to the sympathetically-mediated prepara­

tion of these systems during Eight or flight situations 
(Flynn et al., 1971). Stimulation of hypothalamic sites can 
modify such sensory components of the quiet attack response 
which utilize visual, olfactory and tactile cues (MacDonnell 

and Flynn, 1966b) .
Lateral hypothalamic stimulation ordinarily produces a 

lethal attack upon a rat (Wasman and Flynn, 1962). The jaw 

opening response is the last behavior emitted or elicited 

during quiet attack behavior before the cat kills the rat. 

In the normal cat, stimulation of these hypothalamic attack
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sites is associated with alterations in the sensory fields 

for both the head-orienting and jaw-opening reflexes. The 
sensory fields for the jaw-opening and head-orienting 
reflexes are located along the Upline and muzzle regions, 
respectively, of the cat. The extent or size of these 
sensory fields is always a fraction of the hypothalamic 
stimulation intensity. Light touch of the muzzle area 

located above the lipline, combined with hypothalamic 
stimulation, initiates head-orienting responses which helps 
to bring a tactile stimulus to the lips of the cat. The 

effective sensory field size in the muzzle region is a 
direct function of hypothalamic stimulation intensity. See 
Fig. 3 for an illustration of this sensory field. Light 

tactile stimulation of the lipline during hypothalamic 
stimulation also produces an increase in the lateral extent 
or size of the trigger zone along the lip line for opening 

of the jaw. In the absence of hypothalamic stimulation in 
the normal cat, stimulation of the lipline does not produce 
jaw-opening. See Fig. 4 for an illustration of this sensory 
field.

The distribution for both of these types of sensory 

fields is largely on the side of the muzzle or lipline con­

tralateral to the side of central nervous system stimula­
tion. Although high levels of hypothalamic stimulation 
activate sensory fields ipsilaterally, the extent to which 

they increase, lags behind those on the contralateral side 
of the body. Hypothalamic stimulation is more effective in
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Fig. 3. The maximum extent of the maxillary sensory field 
(upper shaded area of muzzle) for head-orienting responses 
during intense stimulation of a hypothalamic attack site 
(QBA). The sensory fields along the lower jaw, which is 
innervated by the mandibular branch of the trigeminal nerve 

as not yet been mapped in detail (Flynn, 1972).
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Fig. 4. The maximum extent of the sensory field of the lip­
line for the jaw-opening response during relatively intense 

stimulation of a hypothalamic attack site (QBA) (Flynn,

1972) .
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Fig . 4



altering the size of the contralateral sensory fields of the 

lip or muzzle than for those located ipsilaterally. This 
difference in responsiveness between the two sides of the 
muzzle indicates differential excitation of each side of the 
body, with one receptive field for the reflex affected more 
than the other.

Rats with intact vibrissae show increased fighting be­

havior as compared to devibrissaed or facially anesthetized 

animals (Bugbee & Eichelman, 1972; Thor & Ghiselli, 1973; 
Thor et al. , 1974). Section of the infraorbital maxillary 
and infra-alvelolar sensory branches of the trigeminal nerve 
eliminates hypothalamically elicited biting in the cat 

(MacDonnell and Flynn, 1966b). Biting frequency in the cat 
following trigeminal sectioning was found to be diminished, 

while repetitive biting occurred during stimulation in the 
normal animal. Blindfolding cats also diminished biting by 
half, while trigeminal resectioning and blindfolding 
totally elminated biting attack (Flory and Ulrich, 1965). 
Olfactory bulb ablation had no effect upon number of 
attacks. Size of the effective tactile receptive field of 
the cat's forepaw is also increased by increases in hypo­
thalamic stimulation intensity, resulting in a more pro­

nounced paw strike reflex (Bandler and Flynn, 1972). Com­
ponents of the cat paw strike reflex include striking, 
holding, and positioning of the prey. Stimulation effects 

here are larger for the contralateral paw than the ipsi- 

lateral paw. The tactile receptive fields for the reflex



increase in size according to the successive tactile derma­

tomes (Hekmatpanah, 1961) located on the paw. The cor­
respondence between the receptive fields for paw strike and 

dermatomes is shown in Fig. 5.
The frequency of a cat's lunge toward a mouse during 

stimulation of the hypothalamus was greater when the mouse 
was presented to the contralateral versus ipsilateral eye 
(Flynn et al., 1971). Visual areas are therefore important 
in the organization of this patterned reflex (Bandler and 

Flynn, 1971). Occipital cortical neuron receptive fields 
are also increased or decreased by hypothalamic stimulation 
(Flynn et al., 1970), with the more effective stimulation 
occurring in the contralateral sensory receptive fields. It 
is therefore likely that an organism’s sensory and motor 
systems are primed to help elicit these patterned reflexes 
in the presence of suitable environmental stimuli (Flynn et 

al. , 1971) .

The Neural Substrates of Aggressive Behavior
Both electrically elicited and natural aggressive be­

haviors require the utilization of multiple afferent, 
associational and efferent systems to produce sustained, 

directed responding that is integrated with the environment. 
Central to the organization of electrically elicited affec­
tive and quiet attack behavior and probably naturally 
emitted aggression is the lateral and medial hypothalamus as 

described above. The fimbria-fornix, stria medullaris,
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Fig. 5. The first row is a representative wap of the extent 
of the tactile receptive fields on the cat’s forelimbs from 
which striking could be elicited during stimulation of a 
hypothalamic attack site (QBA). As the intensity of hypo­
thalamic stimulation was increased, the extent of the 

tactile receptive field expanded from I to V (also see Fig. 
2) . The second row is a map of the C,. to T^ tactile derma­
tomes of the cat's forelimb, adapted from J. Hekmatpanah 

(1961). A comparison of rows 1 and 2 suggests that at low 
intensities of hypothalamic stimulation, the tactile recep­

tive field approximates the area of the C g and C g derma­
tomes, and as the intensity of hypothalamic stimulation was 
increased the tactile receptive field expanded to include 
the approximate area of the next successive tactile derma­

tomes, C ?f Cg and T ̂ (Flynn, 1972).
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stria terminal is and medial forebrain bundle provide the 

hypothalamus with its predominant afferent and efferent pro­
jections (Troiano & Siegel, 1975; Raisman, 1966; Swanson & 
Cowan, 1975; Chi & Flynn, 1971). These pathways provide the 
hypothalamus with reciprocal connections to both forebrain 
and brainstem limbic system structures which also produce 

attack behavior when electrically stimulated or modify 

attack elicited by hypothalamic stimulation. A brief des­
cription of the hypothalamic anatomy subserving aggressive 
behavior will now be described.

Fimbria-Fornix System.

Behavioral experiments clearly indicate that the hip­
pocampal formation differentially regulates hypotha- 
lamically elicited attack behavior {Siegel et al. , 1974b;
Siegel and Flynn, 1986; Watson et al., 1983a). These

studies suggest that the dorsal hippocampal formation mainly 
projects to the dorsomedial aspect of the lateral septal 
nucleus, while the ventral hippocampal formation projects to 

the lateral aspect of the lateral septal nucleus (See 
Appendix I) (Swanson & Cowan, 1975, 1977; Meibach 6 Siegel, 

1977; Watson et al. , 1984b). Differentiation of function
along the dorso-ventral axis of the hippocampal formation 
has also been suggested for other types of functional pro­
cesses as well (Andy et al., 1969; Hughes, 1965; Elul, 1964; 
Gage and Thompson, 1980). Neuroanatomical studies utilizing 

degeneration procedures, horseradish peroxidase histo­
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chemistry and amino acid radioautography have demonstrated 

that the efferent pathways from these two regions of the 
hippocampus, utilize the fimbria-fornix system but project 
to different regions of the neuroaxis (DeMolina and 
Hunsperger, 1959; Siegel and Skog, 1970; Siegel et al., 

1974b; Siegel et al., 1975; Edinger et al., 1979).
Anatomy. The fornix is a bundle of fibers which reci­

procally connects the hippocampal formation septum (Edinger 
et al., 1979; Meibach and Siegel, 1977a; Swanson and Cowan, 
1977; 1979; Matson et al., 1983b), hypothalamus, thalamus
(Meibach and Siegel, 1977b; Natua, 1956; Watson et al., 

1983b), entorhinal cortex (Swanson and Cowan, 1977) and the 
midbrain. At the anterior level of the hippocampal forma­
tion the fornix is composed of fibers from the fimbria and 
dorsal fornix. One component of this bundle, the precommis­
sural component descends through the septum, anterior to the 

level of the anterior commissure into the preoptic area and 
another component, the post-commissural component descends 
through the hypothalamus to the anterior thalamic nucleus 

and mammillary bodies.
The post-commissural fornix fibers which synapse in the 

mammillary bodies and anterior thalamic nucleus arise exclu­
sively from within the subicular cortex. Although a pro­

jection (medial corticohypothalamic projection) from the 

anterior ventral subicular cortex to the entire ventromedial 
hypothalamic continuum exists in some species (Valenstein 

and Nauta, 1959; Meibach and Siegel, 1977b), it does not
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appear to exist in the cat (Siegel and Tassoni, 1971a;

Edinger et al., 1979). The pre-commissural fornix has also 

been found to arise directly from subicular cortical cells 
and project throughout all aspects of the lateral septal 

nucleus. Hippocampal fibers originating from CA3 and CA4 
fields and traveling within the precommissural fornix are 

known to have a limited bilateral distribution to the caudal 

aspects of the lateral septal nucleus, the nucleus of the 
diagonal band and to the preoptic area through the medial 
forebrain bundle. The fibers passing through the septum to 
terminate in the preoptic area are joined by fibers arising 
in the septum and bypass the preoptic region and also pro­

ject to the midbrain.

precommissural fornix fibers are known to drive 
(excite) those septal neurons which synapse upon them 
directly, whereas they are known to inhibit those septal 
neurons which receive these inputs via interneurons (Edinger 
et al., 1973). Fornix fibers from the dorsal hippocampus
will therefore excite cells in the dorsomedial aspects of 
the lateral septum and inhibit other septal cells, while 
ventral hippocampal fibers will excite far lateral septal 

neurons and suppress firing of cells in other septal 

regions.
Therefore, the majority of fiber projections of the 

hippocampal formation to the septal area and hypothalamus 
arise from the subicular cortex and not from hippocampal 
pyramidal cells (Meibach and Siegel, 1977b). It therefore
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appears that the majority of fibers which project to the 

septum and all the fibers which project to those hypo­
thalamic sites which elicit aggressive behavior, originate 
in the subicular cortex. These projections are organized 
along the longitudinal axis of the hippocampal formation. 
Subicular cortical cells located at the septal (dorsal) end 
of the hippocampal formation project through the medial part 
of the dorsal fornix and terminate in the dorsomedial 
quadrant of the lateral septal nucleus and in the dorsal 
aspects of the pars posterior of the medial mammillary 
nucleus. Fibers originating from the temporal lobe (or 

posteroventralj portions of the hippocampal formation 

project through the more lateral aspects of the dorsal 
fornix and fimbria and synapse in the lateral and ventral 

quadrants of the lateral septal nucleus and also in the 
ventral portions of the medial mammillary nucleus (pars 
posterior). The prosubiculum and subiculum therefore

project through the pre- and post- commissural fornix. 

Hippocampal pyramidal cells from all CA fields have a 
limited projection within the precommissural fornix 

terminating in the caudal septum while the presubiculum pro­

jects solely in the postcommissural fornix.
2-Deoxyglucose Experiments. The recently developed 

[ ]-deoxyglucose technique (Sokoloff et al., 1977) is able 
to simultaneously measure the rate of energy metabolism in 
specific brain regions of normal conscious animals as well 

as animals under experimentally altered states of cerebral
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functional activity. The excellent spatial resolution

offered by the quantitative autoradiographic technique
developed for measuring local cerebral blood flow (Landau et
al., 1955; Reivich et al., 1969) enables the [^C]-deoxy-
glucose procedure to provide pictorial representations of
both increased and decreased rates of energy metabolism

during experimentally and pathologically altered states of
14the brain. (See Appendix II for details of [ C]-deoxy- 

glucose metabolism).
Data from recent experiments utilizing the 2-deoxy- 

glucose procedure and electrical brain stimulation are con­
sistent with established anatomical projections of the pre­
commissural fornix (Meibach and Siegel, 1977b; Swanson and 
Cowan, 1977; Watson et al., 1963b), Stimulation of the
ventral hippocampal sites metabolically activated the 

ventrolateral aspect of the lateral septal nucleus and 
medial part of the nucleus accumbens, while stimulation of 
the dorsal hippocampal sites metabolically activated the 

dorsomedial aspect of the lateral septal nucleus (Watson et 
al., 1983b). Metabolic activation of the nucleus accumbens 

was achieved by stimulation of fibers arising in the 
entorhinal cortex which pass through the hippocampal forma­
tion, fornix and lateral septal nucleus (Krayniak et al. , 

1981) .
Histochemical and autoradiographic analysis of the 

septal efferent pathways in both the rat (Meibach and 

Siegel, 1977b; Swanson and Cowan, 1979; Watson et al. ,
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1985), cat (Krayniak et al., 1978; Stoddard-Apter and
MacDonnell, 1980; Brutus et al., 1984b), and other species

(Krayniak and Siegel, 1978), confirm the presence of exten­
sive projections from the lateral septal nucleus, which 

utilize the medial forebrain bundle and synapse in the 
regions of the lateral preoptico-hypothalamus and midbrain. 

The hippocampal regulation of hypothalamically-elicited 

attack probably occurs by means of a disynaptic pathway in­
cluding precommissural fornix fibers and the septal com­
ponent of the medial forebrain bundle or a trisynaptic path­
way also including a synapse in the diagonal band of Broca.

Behavioral implications. Therefore, facilitation of 
quiet attack behavior is likely to be associated with stimu­

lation of the far lateral aspect of the lateral septal 
nucleus which receives ventral hippocampal projections and 

in turn projects to the lateral preoptico-hypothalamus. 
Suppression of attack is achieved during stimulation of the 

dorsal hippocampus which innervates the medial aspects of 
the lateral septal nucleus. The lateral septal nucleus in 
turn projects heavily to the nuclei of the diagonal 
band— which is known to suppress attack behavior (Bandler 
and vergnes, 1979; Inselman and Flynn, 1972; Watson et al. , 

1985). Efferent fibers from the diagonal band of Broca 
travel through the medial forebrain bundle and supply the 

lateral hypothalamus (Watson, 1985).
The fornix system represents a major pathway for the 

interconnection of the septohippocampal complex with the
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hypothalamus and midbrain. The reciprocal connections 
between the hippocampus and septum and the sensory, visceral 

and motor aspects of the hypothalamus and midbrain provide a 
significant contribution to the organization of hypotha- 
lamically elicited quiet attack behavior.

Stria medullaris

Cell bodies of the septal nuclei that give rise to 
fibers passing through the stria medullaris are located in 

the posterior one-third of the medial and lateral septal 

nuclei and they acquire a large number of fibers as they 
pass through the preoptic area of the hypothalamus. Fibers 
from the olfactory tubercle and anterior preoptic region 
intermingle with fibers of septal origin in the stria medul­
laris and then project to the lateral habenular nucleus and 

dorsomedial nucleus of the thalamus (Cragg, 1961, Marburg, 
1944; Nauta and Haymaker, 1964; 1969). This fiber bundle
connects the septal, hypothalamic and olfactory regions with 
the more posteriorly located nuclei of the thalamus and 

tegmentum (See Appendix III).

Medial Forebrain Bundle

The major sources of cell bodies contributing to the 

medial forebrain bundle (MFB) include the anterior olfactory 
nucleus, pyriform cortex, and amygdala, septal area, lateral 
hypothalamus and preoptic area. The major contribution to 

the descending portion of the MFB arises in the septohippo-



- 39 -

campal complex (See Appendix IV) . Inputs from all these 
systems then finally converge at the level of the preoptic 
nucleus to form the MFB which then descends caudally 

synapsing in the lateral hypothalamus and then in the 

ventral tegmental area of the midbrain (Nauta, 1956; Chi and 
Flynn, 1971; Troiano and Siegel, 1975).

The medial forebrain bundle is the major site associ­
ated with quiet attack behavior as demonstrated by degenera­
tion studies (Chi and Flynn, 1971a). In this study elec­

trodes were implanted in hypothalamic sites of cats, from 
which quiet biting attack was elicited by electrical stimu­
lation, and then lesions were made at these sites. The 

Fink-Heimer (1967) and Eager (1970) modifications of the 
Nauta reduced-silver method for impregnating degenerating 

axoplasm were used to reveal that degeneration resulting 
from quiet attack sites followed largely along the course of 
the medial forebrain bundle. Degeneration was found to 

ascend through the preoptic region and diagonal band of 
Broca into the septum and to descend into the midbrain 

reticular formation along the medial forebrain bundle and 
into the central gray through the descending periventricular 
system. Degeneration was also traced into the dorsal hypo­

thalamic area and midline thalamus. The areas to which 
degeneration was traced coincided well with sites from which 

attack had been reported to be elicited during electrical 

stimulation.
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The midbrain central gray and tegmental structures 
which form the main target structures of the descending com­
ponents of the medial forebrain bundle also give rise to the 
major ascending components of this fiber bundle. These 
fibers project rostrally to the lateral hypothalamus, the 
lateral preoptic area, nuclei of the medial septum and the 

diagonal band (Nauta, 1956; Chi and Flynn, 1971a; Troiano 
and Siegel, 1975). Lesions placed in ventral tegmental 
sites associated with the modification of attack behavior 
can effectively abolish (or diminish) hypothalamically- 
elicited attack (Proshansky et al., 1974).

Stria Terminalis
This system arises in the amygdala and pyriform cortex 

and projects initially to the bed nucleus of the stria 
terminalis and then to the preoptic region and the medial 

hypothalamus (See Appendix V). The medial preoptic and 
anterior hypothalamic regions project to the diagonal band, 

lateral septum, and bed nucleus of the stria terminalis 
(Conrad and pfaff, 1975; Conrad and pfaff, 1976a; Conrad and 
Pfaff, 1976b). Fibers from this region of the hypothalamus 
travel rostrally through the stria terminalis to the 

amygdala and caudally to the ventromedial hypothalamus, the 
periventricular system of the hypothalamus, the lateral 

mammillary nucleus, ventral tegmental area and the midbrain 

reticular formation. Lesions placed in hypothalamic peri­
ventricular fibers producing degeneration of fibers pro­
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jecting to the periaqueductal gray of the midbrain are 
associated with affective defense behavior (Chi and Flynn, 

1971a) .

Other Hypothalamic Fiber Systems
A brief account of monoaminergic pathways that pass 

through and synapse in this region will follow. Other 

neurotransmitter systems have not been included in this 
account. The noradrenergic nucleus locus coeruleus sends 

fibers through the dorsal noradrenergic (NE) bundle to the 

reticular formation, and through the MFB to the lateral 
hypothalamus and such limbic forebrain structures as the 
septal area, the amygdala and cingulate cortex (Ungerstedt, 

1971; pickel et al., 1974). The ventral NE bundle courses
ventrally to innervate brain regions from the medulla to the 
diencephalon, including most of the hypothalamus. 5-

Hyroxtryptaminergic (5-HT) cell bodies project fibers to the 
lateral hypothalamus, septum, amygdala and frontal cortex 

(Moore and Halaris, 1975; Conrad et al., 1974; Saavedra et 

al., 1974). Other 5-HT fibers project caudally from the 
raphe nuclei and synapse in the hippocampus and cingulate 
cortex. The ascending dopaminergic (DA) neurons project 
primarily through the nigro-striatal and mesolimbic path­

ways (Drownstein et al., 1976; Kruk and Pycock, 1983). Cell 

bodies of the nigrostriatal DA system project from the sub­
stantia nigra through the lateral hypothalamus to innervate 

the neo-striatum. The mesolimbic system cell bodies project
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from the ventral tegmentum and terminate In the caudate 

nucleus, the nucleus accumbens, olfactory tubercle, and 
amygdaloid nuclei, the frontal and cingulate cortices.

Structures Modulating Aggressive Behavior Elicited From The 
Hypothalamus

In recent years an active research program in the 
laborary of A. Siegel has been carried out to understand the 
regulatory nature of limbic system structures in the control 
of hypothalamic aggression (See Appendix VI). Brain regions 
displaying suppression of attack elicited by hypothalamic 
stimulation include the basomedial amygdala (Block et al. , 
1980a), the prefrontal cortex (Siegel et al., 1977a; Siegel 

et al., 1975; Siegel et al., 1974a), the dorsal hippocampus 
(Watson et al., 1983b), the pyriform cortex (Siegel et al.,
1972), the lateral septal nucleus (Brutus et al., 1984b),
the lateral aspect of the substantia innominate (Block et 
al., 1980b) and the anterior cingulate gyrus (Siegel and
Chabora, 1971). Sites producing facilitation of attack 

elicited by hypothalamic stimulation include the ventral 
hippocampus (Watson et al., 1983a), the far lateral aspect
of the lateral septal nucleus (Brutus et al., 1984b), and

the lateral amygdaloid nucleus (Block et al., 1980a). These 
limbic system structures provide a powerful regulatory 
control over aggressive behavior. It has been suggested 
that the medial forebrain bundle and stria terminalis allow 

those limbic structures which utilize these pathways to
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modify hypothalamic function, while the bed nucleus of stria 
terminalis, the mediodorsal thalamic nucleus, diagonal band 
of Broca and substantia innominata provide important inter­
neurons in the control of this aggressive behavior (Siegel 
and Edinger, 1981). Regulation of aggressive behavior is in 

part due to the modification of the sensory components of 

the aggressive response that are of trigeminal origin 

(Watson et al., 1983a; Block et al., 1980a, 1980b; Brutus et 
al., 1964b; Chi et al., 1976). For the purposes of this re­
view, the limbic system can be divided into a hippocampal- 
septal system and a mediodorsal thalamic system, with each 
region serving as a focus for channeling the inhibitory and 

facilitory limbic inputs to the hypothalamic attack sites.

Hippocampal-septal system 
Septal Area

Behavioral Observations. The septal area plays a sig­
nificant role in the regulation of emotional behavior and 
aggression. Lesions of the septum cause increases in 

irritability, emotional reactivity and aggressiveness 

(Brady and Nauta, 1953; King, 1958; Yutzey et al., 1967;
Amhad and Harvey, 1968; Blanchard and Blanchard, 1968). 
Electrical stimulation studies generally complement the 
lesions studies, stimulation of the lateral septal nucleus 
in general produces suppression of hypothalamically- 

elicited quiet biting attack (Siegel and Skog, 1970). In 
contrast, the far ventrolateral aspect of the lateral septal
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area was found to facilitate hypothalamic quiet attack in 

cat (Brutus et al., 1984b). Suppression of attack can also 

be elicited by stimulation of the diagonal band of Broca 
(Inselman & Flynn, 1972) . In the rat Bandler and vergnes 
(1979) found that diagonal band lesions induced muricidal 
behavior. Stimulation of the medial aspect of the dorsal 
septum has been found to facilitate affective attack (intra­

specific) and associated vocalization (MacDonnell and 

Stoddard-Apter, 1978).
Anatomical Connections. The nomenclature for the 

nuclei of the septal area is derived from the studies of 
Meibach and Siegel (1977b), Young (1936), Raisman (1966) and 
Swanson and Cowan (1979). The lateral septal nucleus can be 
divided into three regions; a dorsomedial quadrant, dorso­

lateral quadrant and a ventrolateral quadrant. (See 

Appendix VII). Another region, situated half way between 
the midline and the lateral ventricle referred to by Meibach 
and Siegel (1977b) as the "intermediolateral" region cor­
responds to Swanson and Cowan’s "intermediate part of the 
lateral septal nucleus." The diagonal band of Broca con­
tains a vertical limb, a crus and a horizontal limb. The 

medial septal nucleus is located along the midline immedi­
ately dorsal to the vertical limb of the diagonal band.

There exist two major pathways by which the septal area 
could modulate quiet biting attack (Krayniak et al., 1980; 

Meibach and Siegel, 1977b; Siegel and Tassoni, 1971; Watson 
et al., 1985; Brutus et al., 1984b). The lateral hypo­
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thalamus and preoptic area are directly supplied by a 

massive projection from wide regions of the lateral septal 
nucleus. This projection may represent a second-order 
neuron linking the hippocampal formation with the lateral 
hypothalamus. An indirect route by which the septal region 
may effectively modify lateral hypothalamic responses may 
involve fibers arising from the lateral septal nucleus, 
synapse within the nuclei of the diagonal band which then in 

turn synapse in limbic system structures such as the lateral 
hypothalamus, hippocampal formation, medial amygdala, 
medial habenular nucleus, interpenduncular nucleus, 
anterior cingulate cortex, prefrontal cortex, olfactory 

bulbs and mammillary bodies (Domesick, 1976; Conrad and 

Pfaff, 1976a; 1976b; Meibach and Siegel, 1977a; Krayniak et 
al., 1980; Meibach and Siegel, 1977b; Siegel and Tassoni , 
1971b; Watson et al., 1985).

Since most of these limbic system structures inhibit 
attack, it is possible that the diagonal band produces its 
effects upon attack behavior by activation of those struc­

tures inhibitory to attack. It is possible that the more 
indirect pathway from the lateral septal nucleus represents 

the route by which attack behavior is inhibited from the 
dorsal septum. In addition to suppression and facilitation 
of attack behavior by the septal area, separate regions of 

this area can both drive and inhibit independent populations 
of cells in the lateral hypothalamus (Driefuss and Murphy, 

1986; Miller and Mogensen, 1971).
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Cingulate Gyrus

The cingulate gyrus has been historically considered to 
be a cortical component of the limbic system. That it is 
intimately involved in the regulation of emotional behavior 

was first examined by Pape2 (1937) and MacLean (1949). in 
cats, dogs, monkeys and humans, it has been reported that 
lesions of the cingulate gyrus produce increases in aggres­

sive behavior (Kennard, 1955; pechtel et al. , 1958;
Brutkowski et al. , 1961; Malamud, 1967). However, other
researchers have reported reductions in aggressive behavior 
in humans and monkeys following such lesions (Glees et al. , 

1950; LeBeau, 1954; Livingston, 1953). In electrical stimu­
lation studies, the anterior regions of the cingulate cortex 

have been found to suppress quiet biting attack behavior 

(Siegel and Chabora, 1971). In contrast, the more posterior 

levels of the cingulate cortex including the retrosplenial 
cortex appear to have no effect upon this response.

Anatomy. The anterior and posterior regions of the 
cingulate cortex project differentially to the thalamus (See 
Appendix VIII). Anterior cingulate gyrus fibers arising 
from cortical layers V and VI (Siegel et al., 1977b) project 
to the lateral segment of the mediodorsal thalamic nucleus. 
Fibers from the posterior cingulate gyrus are distributed to 

the anteroventral nucleus (Domesick, 1969; Siegel et al.,
1973). It is therefore likely that cingulate gyrus modula­
tion of hypothalamically elicited aggression is mediated 
indirectly via the mediodorsal nucleus and those inter-
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neurons of the midline thalamus which synapse in the nucleus 
reuniens (Brutus et al . , 1984a) and inter-anteromedial
nucleus (Siegel et al . , 1973b), which in turn directly pro­

ject to the hypothalamus. The anterior cingulate cortex 

functionally and structurally resembles the prefrontal 
cortex. Both of these regions suppress quiet biting attack, 
and their axons which arise from cortical layers V and VI 

project to the lateral segment of the mediodorsal nucleus. 
It has been suggested that they are structurally continuous 
and it is likely that they form a functionally homogeneous 
limbic forebrain system which regulates aggressive 
responding and associated behaviors (Siegel and Edinger, 

1981) .
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RATIONALE
It is now well established that the septal area plays 

an important role in the regulation of aggressive behaviors 
(Albert and Richmond, 1976; Albert and Wong, 1978; Amhad and 
Harvey, 1968; Bandler and Flynn, 1971; Bandler and Flynn, 
1972; Bandler and Vergnes, 1979; Bawden and Racine, 1979; 

Blanchard and Blanchard, 1968; Block et al. , 1980a; Brady
and Nauta, 1953; Brayley and Albert, 1977a; Brayley and 
Albert, 1977b; Flynn et al., 1971; Gotsick and Marshall,
1972; Hernandez-Peon et al., 1963; Inselman and Flynn, 1972; 

King, 1958; Latham and Thorne, 1974; MacDonnell and Flynn, 
1966a; MacDonnell and Flynn, 1966b; MacDonnell and Stoddard- 
Apter, 1978; Miczek and Grossman, 1972; Potegal et al. , 
1980; Raisman, 1966; Rubenstein and Delgado, 1963; Siegel 
and Skog, 1970; Sierra et al., 1972; Stoddard-Apter, 1980;

Watson et al., 1983a; and Yutzey et al., 1967). Electrical 
stimulation of the septal nuclei and diagonal band of the 

cat appears to selectively suppress quiet biting attack 
(interspecific aggression) behavior (Bandler and Vergnes, 

1979; inselman and Flynn, 1972; Siegel and Skog, 1970), 
while stimulation of the same regions can facilitate affec­
tive defense behavior (intraspecific aggression) 
(MacDonnell and Stoddard-Apter, 1978; Siegel and Skog,

1970) .
It is also well known that the quiet biting attack 

response is under the control of sensory processes insofar 
as visual, tactile and olfactory cues can facilitate the
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occurrence of this response pattern in the cat (Bandler and 
Flynn, 1971; Bandler and Flynn, 1972; Flynn et al., 1971;
MacDonnell and Flynn, 1966a; MacDonnell and Flynn, 1966b; 

MacDonnell and Stoddard-Apter, 1978). An intact trigeminal 
sensory input to the perioral region is essential for the 
occurrence of the attack response as well (MacDonnell, 
1966b) . Recently it has also been demonstrated that modula­
tion of hypothalamically elicited quiet attack behavior by 

such limbic structures as the amygdala (Block, et al., 
1980a) and hippocampal formation (Watson et al., 1980a) in­
volves the modification of sensorimotor components of the 
trigeminal system.

A major goal of the present study was to extend this 

analysis to the septal area and adjacent regions such as the 
cingulate cortex in order to determine whether modulation of 
attack behavior by the septum or cingulate gyrus may result, 
in part, from the modification of the trigeminal sensori­
motor components related to this response. A second goal of

14this study was to characterize, through the use of C-2- 
deoxyglucose autoradiography, the pathways and structures 
metabolically activated by electrical stimulation of septal 
area sites previously shown to significantly modulate quiet 

biting attack behavior. The recently developed [ ] deoxy-
glucose method (Sokoloff et al., 1977) measures the rate of 
glucose utilization in discrete structural and functional 

components of the central nervous system. These studies 

have demonstrated that a close correlation exists between
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the levels of local functional activity and local glucose 
utilization. Experimentally induced alterations in func­
tional activity (as during electrical brain stimulation) in 

specific sensory or motor systems will result in cor­
responding changes in glucose utilization in specific nuclei 
and fiber pathways of the brain. Combined with the auto­

radiographic technique, maps illustrating the functional 
activation of brain regions during microstimulation of the 
brain may be produced. The acquisition of the above in­
formation would further identify the functional anatomy and 
mechanisms underlying septal area regulation of quiet biting 
attack behavior.
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METHODS
Nine female cats which did not spontaneously attack 

rats and which weighed between 2.5 and 3.5 kg. were used as 
subjects in this study. Before surgery and experimental 
testing, all cats were placed in a cage with an anesthetized 
rat for a half hour period of time and observed to see if 

they bit or attacked the rat naturally (without electrical 
stimulation). Those cats who attacked the rat were 
eliminated from the experiments. None of the cats were in 
estrous during experimental testing. They were maintained 

on an ad-libitum feeding (Purina Cat Chow) and drinking 
schedule throughout the duration of the experiments. The 

cats were individually housed in stainless steel wire cages 

(24,,x36"x36,,} and also maintained on a 12 hour dark and 12 
hour light cycle.

Surgery
Prior to experimental procedures, the cats were 

anesthetized with sodium pentobarbital (45 mg/kg of body 

weight, l.P.) and under surgically aseptic conditions, two 
18 gauge steel guide tubes were mounted bilaterally on the 
surface of the skull for the subsequent implantation of four 

moveable cingulate and septal electrodes (AP 17.0 mm and 

15.5 mm; L: 1.0 mm). Following this, 6 more 18 gauge stain­
less steel guide tubes were mounted bilaterally on the sur­

face of the skull so as to accommodate the placement of the 

moveable hypothalamic electrodes (AP: 11.0 mm, 9.5 mm and
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8.0 mm; L: 1.0 mm and 2.5 mm). All electrodes implanted

through guide tubes were electrolytically-sharpened stain­
less steel stylets, which were insulated with oil base paint 
except for 0.5 mm of their tips. Three uninsulated stain­
less steel stylets which served as indifferent electrodes 

were also implanted in the skull. All stereotaxic coor­

dinates were obtained from the atlas of Jasper and Ajmone- 

Marsan (1954).
One large steel bolt was then implanted rostral to the 

cannulae and electrode array and 2 plastic bolts were 
attached to the skull caudal to the cannulae-electrode com­
plex. These bolts enabled us to attach the cat's head to a 

head restrainer so as to allow undisturbed measurement of 

the "effective sensory fields" of the lipline. Specific 
details of the head restraining apparatus have been des­

cribed elsewhere (MacDonnell et al., 1971). Cats were
allowed to recover for a least one week prior to hypo­
thalamic electrode implantation and behavioral testing.

Behavioral Experiments.
Identification of Quiet Biting Attack Sites. All ex­

periments were conducted in a test chamber constructed of 
wood (61 cm x 61 cm x 61 cm) with a clear plexiglas door. A 
pentobarbital anesthetized rat and food were always present 

within the test chamber.
The research protocol first required finding con­

sistent quiet biting attack behavior by lowering calibrated
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electrodes in 0.5 nun steps through the guide tubes and 

electrically stimulating the hypothalamus as the electrode 

was passed through the brain. When the behavior was con­
sistently elicited on every trial * electrodes were cemented 
in place with dental acrylic. The mean latency to attack 
was defined as the time (in secs) from onset of electrical 

stimulation to the moment of contact of the cat's teeth with 
the nape of an anesthetized rat's neck. In addition to 
recording the latency to quiet attack, we also recorded the 
latency to initial movement which was defined as the initial 
transposition (one front paw moving past the other) of the 
forepaws of the cat following the onset of stimulation. 
Initial movement of the forepaws always preceded the quiet 

attack response. Therefore the former latencies were 

generally less than the later.
Electrical stimuli were generated by 2 independent 

Grass S-8 stimulators and channeled through stimulus isola­
tion units (Grass SIU-4678) to the animals. Constant cur­
rent conditions were approximated by pairs of 40,000 Ohm 
resistors placed in series with the cat. Stimulation and 
recording was possible through the same electrode by con­
necting pairs of leads through relays to both the input of a 
Grass Model 78 polygraph and to the electrode. Stimulation 
consisted of balanced biphasic pulses delivered at 62.5 Hz 
with a pulse width of 1 msec per half cycle duration. Peak- 

to-peak current was measured on Tektronix 5113 dual beam 
oscilloscope with differential inputs (Block et al., 1980a).
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When two structures (septal area of cingulate gyrus and 
lateral hypothalamus) were concurrently stimulated, the 
onset of the stimulation of one structure followed the onset 
of stimulation of the other by 4 msec. This separation of 
stimulus pulses enables the limbic modulatory site to have 
inhibitory or excitatory influences on the hypothalamic 
neuronal substrate which organizes and generates attack be­
havior during stimulation. Stimulation onset of the septal 
or cingulate gyrus modulatory site always preceded hypo­
thalamic stimulation onset. In order to elicit attack be­
havior within 20 sec, the intensity of current delivered to 

the hypothalamus ranged from 100 to 800 uA. At current in­
tensities, lower than 100 uA it was not possible to elicit 

behavior. At current intensities higher than 800 uA, the 

latencies to attack were so rapid that it was more difficult 
to modulate behavior during concurrent stimulation. The 
septum or cingulate gyrus was stimulated at current inten­
sities ranging from 140 to 100 uA.

Identification of sites capable of modulating quiet 
biting attack behavior. The first phase of these experiments 
was conducted to identify those sites within the septum and 
cingulate gyrus capable of significantly modulating the 
latency to quiet biting attack elicited by hypothalamic 
stimulation. Modulation was defined as the "increase" or 
"decrease" in the initial response or quiet attack latencies 
as a function of dual stimulation of the hypothalamus and 

the limbic structure (septal area or cingulate cortex), in
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contrast to the latencies obtained for single stimulation of 
the hypothalamus alone. An A-B-B-A paradigm was employed 

for the sequence of 10 trials each of single and dual 

stimulation to eliminate any order effects as a possible 

confounding variable in the experiment. The intertrial 
intervals between single and dual stimulation trials were 2 
minutes. Following both single and dual stimulation, the 

EEG was recorded and any trial in which afterdischarges were 
present was discarded from the statistical analysis of the 
data. Seizure activity, here should be considered a 
pathological (not physiological) influence upon aggressive 
behavior. Therefore seizure effects, whether absence-like 
or convulsive, would interfere with the measurement of 

attack latencies and would be inappropriate for data 
analysis here. A t-test for paired observations was 

utilized to test for the statistical significance of 
response latencies between trials of single and dual stimu­

lation. In 8 out of 30 cases (7, 10, 14, 15, 20, 23, 25,
26), septal area or cingulate gyrus modulatory sites were 
contralateral to the hypothalamic attack eliciting sites. 
In all other cases {22 out of 30), the modulatory sites and 
hypothalamic sites eliciting quiet attack were ipsilateral 

to each other.
Sensory fields experiments; Effects of stimulation of the 

septal area and adjacent regions upon trigeminal sensori­

motor fields.
After a site in the septal area or adjacent structures
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was found to exert either a significant inhibitory or 
facilitatory effect upon hypothalamically-elicited quiet 
biting attack behavior, a series of experiments was con­
ducted in order to investigate the effect of stimulation of 

these modulatory sites upon the "effective sensory fields" 
of the Upline established during hypothalamic stimulation. 
The "effective sensory fields" are defined as the lateral 
extent of the lipline that, when probed during stimulation 
of a hypothalamic attack site, produces a jaw-opening 
response (Block et al., 1980a; 1980b). While this definition 
of "effective sensory fields" has been utilized in the 

present study, it does not preclude the possibility that 
during the time when a jaw-opening response is elicited, in­

volvement of motor systems may be operative as well. The term 
"effective sensory fields" was merely employed to describe 
the relationship between somatosensory stimulation along 
the lipline and the behavioral response of jaw-opening 
during hypothalamic and limbic stimulation. Neither 
stimulation of either the septal area or cingulate cortex 

alone resulted in a jaw-opening response.

in this experiment, the cat was placed in a head and 
body restrainer in order to facilitate measurement of the 

effective sensory fields. The body restraining sling (Alice 
King-Chatham, Los Angeles) allowed free limb movement, while 

the specially designed head restraining frame immobilized 
the head. Animals were habituated to the apparatus prior to
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the initiation of this phase of the experiment. The 
habituation procedure was not painful and was used in order 
to eliminate effects of stress or other variables on experi­
mental effects.

The paradigm and methods of probing the lipline were 
similar to those employed by Block et al. {1980a; 1980b).
First, vertical lines were drawn on the lip at 1.0 cm 
intervals lateral to the midline. Prior to electrical 
stimulation of any site, the lipline was probed with an 
anesthesiometer (2000 mg) (Rowan products panorama City, CA) 
or a blunt probe at a constant pressure and rate from the 
lateral extent towards the midline. Control probing in the 
absence of hypothalamic stimulation did not elicit jaw 
opening or biting responses. Then, a similar probing pro­
cedure was conducted during stimulation of the hypothalamus 
alone and the position along the lipline at which the jaw 
opening response first occurred was recorded. Another con­
trol probe followed in which no stimulation was delivered. 
This trial was followed by "dual" stimulation of both the 
hypothalamus and septal area (or adjacent structures), and 
again, the distance from the midline at which the jaw 
opening response occurred was recorded. At least 2 minutes 
elapsed between trials of lipline probing and stimulation to 
avoid habituation or sensitization effects.

At least 5 paired trials of single and dual stimulation 
applied during probing along the lipline ipsilateral to the 
stimulating electrodes were followed by similar paired
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trials of stimulation during lipline probing along the con­
tralateral side. The order of presentation for paired 
trials of electrical brain stimulation again utilized an A- 
B-B-A design.

The current intensities applied to both the septal 

area, adjacent limbic structures, and hypothalamus in this 
phase of the study were identical to those which were used 
in the previous behavioral experiments to demonstrate sig­
nificant modulation of hypothalamically-elicited attack 
behavior. T-tests for paired observations within cats were 

used to statistically compare the differences between the 

effects of single and dual stimulation upon the lateral 

extent of the lipline from which the jaw opening response 
was elicited.

Effects of stimulation of the septal area and adjacent 
regions upon jaw opening latencies.

The effect of single or dual stimulation upon the 

latency for the jaw opening response was tested by probing 
only a midline region of the lip. This area, within a 
boundary of approximately 0.5 cm lateral from the midline of 
the lip on either side, was found to elicit a jaw-opening 
response when probed, regardless of whether single or dual 
stimulation was delivered. Hence, significant alterations 

in the latency to jaw opening resulting from concurrent 

stimluation of the septal area or adjacent structures during 
probing of the midline of the lip would suggest that motor
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components of the response were affected by such stimula­
tion .

Again, trials in which afterdischarges were elicited 
were eliminated from statistical analysis of the data. 
Generally, no afterdischarges occurred because modulation 
currents for all aspects of these experiments was very low. 
Also no kindling occurred because the testing procedures 
were not similar to those utilized during kindling. A t- 

test for paired observations was used to compare differences 
in latencies to jaw-opening for paired trials of single and 
dual stimulation for experiments involving probing of the 
lip midline.

14I C]2-Deoxyglucose Experiments: Autoradiography of the

pathways activated following stimulation of septal modula­
tory sites.

Following the completion of all behavioral testing
14[ C ]2-deoxyglucose (2-DG) autoradiography was performed in 

order to investigate the neural pathways activated following 
electrical stimulation of sites in the septal area which 

significantly modulated attack behavior during the prior 

behavioral and sensory field experiments. Six cats were 
anesthetized with sodium pentobarbital {45 mg/kg) 1.5 to 3 

hr prior to septal stimulation and 2-DG injection was 

attempted. Then a femoral vein was cannulated with PE-100 
tubing. Rectal temperature was monitored continuously and
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maintained between 37.5 and 38.0°C with a warming pad and 
radiant lamp.

Stimulation was applied through septal electrodes 
which previously had been demonstrated to significantly 
modulate quiet biting attack behavior. Hypothalamic sites 
eliciting attack behavior were not electrically stimulated 
during the 2-DG experiments. The paradigm involved 30 sec 

stimulation periods separated by an interstimulus interval 
of 30 sec. stimulation was initiated 5 min prior to 2-DG 
injection. The total course of stimulation was 45 min.

Each cat received fifty uCi/kg body weight of 2-(U- 
)-deoxyglucose (Amersham Searle, 267-283 mCi/mmole). 

Since the 2-DG was suspended in 3% ethanol, it was first 
transferred to a vial and evaporated to dryness with a 

gentle stream of ultrapure (99.9999%) gaseous nitrogen. The 
2-DG was then reconstituted in 1.0 ml sterile saline and in­
jected as a bolus through the venous cannula. Stimulating 
current intensities were set between 0.2 to 0.4 mA above 
those employed during behavioral experimentation in order to 

compensate for the suppressive effects of the anesthetic 
upon cellular metabolism. EEG activity was recorded (Grass 

Model 78) during the 30 sec interstimulus interval through 

the monopolar stimulating electrode. At no time during the 
course of stimulation were afterdischarges noted.

Following the 45 min. stimulation period, very small 

electrolytic lesions were placed at the tips of the 

electrodes within the septal area and all other sites pro-
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ducing significant modulation or initiation of attack be­

havior in order to facilitate histological localization. 
Lesions can disrupt blood flow to brain regions and there­
fore may disrupt glucose utilization in these regions. How­

ever, since maximal absorption of 2-DG in whole brain occurs 
by 10 min after l.V. injection (Meibach et al., 1980), it is 

unlikely that a small lesion will effectively alter the pic­

ture of 2-DG, or more precisely, 2-deoxyglucose-6-phosphate 
trapped within cells after a 45 min period of stimulation. 

This has been found to be the case for 2-DG experiments in­
volving stimulation of thalamic and cortical sites in the 
rat {Brutus et al., 1984a). The cat was then perfused

transcardially with 0.9% NaCl and 5% formalin. The brain 
was removed, blocked, frozen in Freon (dichlorodifluorome- 
thane), chilled to -55°C with liquid nitrogen and embedded 
in Tissue-Tek O.C.T. compound. The tissue was stored in a 
Revco freezer at -70°C until it was sectioned. Blocks of 
tissue were cut at a thickness of 20 um in a slee (New York) 

cryostat maintained at 22°C. Every 7th and 8th section was 
taken for autoradiography and correlative histological 

analysis, respectively. Sections prepared for histological 

examination were stained with cresyl violet. Standard pro­
cedures were utilized for the preparation and analysis of 
sections for 2-DG autoradiography (Watson et al., 1983b;
Watson et al., 1983c).
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Analysis of 2-DG Autoradiographs. Sections were pre­

pared for 2-DG autoradiography in the following manner. 

Tissue sections were mounted on cover slips and allowed to 
dry for 30-60 minutes on a hot plate (55°C). Then, cover 
slips were glued to heavy cardboard in a sequential order. 
X-ray films (Kodak SB-5, Rochester, NY) were placed over 
each cardboard array of sections with the emulsion side 
opposed to the tissue and sealed in light tight cases. 

Kodak SB-5 X-ray film was then exposed for 28 days to both
the brain sections mounted on cover slips and the autoradio-

14graphic standards ( C, Amersham, Searle). proper contact 
between the tissue and the X-ray film was assured by placing 

the cases under lead bricks. The film was developed by 
immersion in Kodak liquid X-ray developer for 5 minutes at 
70°F followed by a water rinse and immersion in Kodak Rapid 

Fixer with Hardener for 7 min.
After the X-rays were developed and areas of 

differential 2-DG uptake established maps delineating 
labeled nuclear structures and pathways were drawn from the 
cresyl violet sections. The autoradiographic images of 

labeled brain sections from the X-rays were then enlarged 
and superimposed upon line drawings. Areas on these auto­

radiographs showing significantly increased optical densi­

ties as a function of stimulation were then portrayed on the 

line drawings by stippled gradients conforming with the 
optical densities on the original autoradiographs. Analysis 

of autoradiographs was performed by a student who was blind
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to the behavioral data. Ineffective sites were used as con 

trols.
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RESULTS
Single Stimulation of the Hypothalamus

Quiet biting attack behavior was obtained when elec­

trical stimluation applied to the lateral and posterior 
hypothalamus and supramammillary region, at minimal current 
intensities, produced a consistent response within 20 sec. 
A map of attack sites in the hypothalamus is shown in Fig. 

6. The response is characterized by an initial crouching 
followed by stalking of the prey, culminating in a vigorous 

bite to the neck of the rat. Overt sympathetic signs are 

generally not visible with the exception of some pupillary 
dilation. The mean latency for this response ranged between
2.0 to 12.0 sec for hypothalamic stimulation alone. The 
mean latency to initial movement of the cat's forepaws 
varied between 1.0 and 8.0 sec.

Limbic Sites Modulating Attack Behavior; Dual stimulation of 
the septal area, adjacent regions and the hypothalamus

Electrical stimulation of sites in the septal area, bed 

nucleus of the stria terminalis and cingulate gyrus (Figs, 7 

& 8), in general, significantly suppressed quiet biting
attack behavior. stimulation of septal area sites alone 
elicited no overt behaviors or alerting responses. This in­

hibitory effect was seen in cases where the modulatory site 

was both ipsilateral (cases 1-6, 8, 9, 11-13, 16-19, 21, 22,
24, 27-30) and contralateral (cases 7, 10, 14, 15, 20, 23,
25, 26) to the hypothalamic stimulating electrode (Fig. 8;
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Fig. 6. Maps of hypothalamic sites (electrode placements) 
from which quiet biting attack behavior was elicited by 
electrical stimulation (filled circles). Sections are taken 
from the atlas of Jasper and Ajmone-Marsan (1954). Abbre­
viations: aHd, dorsal hypothalamus; HL, lateral hypo­
thalamus; Hp, posterior hyothalamus; SMx, supramammillary 

region.
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Fig. 7. Electrode placements in the septal area and ad­
jacent regions that modulated hypothalamically-elicited 
quiet biting attack. Triangles facing down: suppression of 

quiet biting attack; triangles facing up: facilitation of 

quiet biting attack; open circles: no effect upon quiet
biting attack.
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Fig. 8. Bar graphs indicate that concurrent stimulation of 
the hypothalamus with the septal area, bed nucleus of the 
stria terminalis or cingulate gyrus alters the latency to 

attack (open histograms) , whereas this stimulation has no 
effect upon latencies to initial movement of the forepaws 
(crosshatched histograms). For each pair of histograms, the 
first bar corresponds to the mean attack latency for stimu­
lation of the hypothalamus alone; the second bar represents 
the mean attack latency for dual stimulation. Numbers 

centered below pairs of bar graphs identify case numbers in 
Table I. The "C" superscripts indicate that during concur­
rent stimulation, the modulatory site was contralateral to 

the hypothalamic attack site; in all other cases the modula­

tory site was ipsilateral to the attack site; the three 
sites in the rostral thalamus depicted in Fig. 2 (AP-13.5) 
which had no effect upon attack behavior are not represented 

in this figure; BNST represents the bed nucleus of the stria 

terminalis; +p<0.10; *p<0.05; **p<0.02.
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Table I). Additionally, certain individual septal or 
cingulate electrodes (cases 2 and 17; 12 and 20; 15, IB and 

19; 24, 29 and 30; and 25 and 26) were found to modulate 
attack behavior elicited from several sites along the hypo­
thalamic continuum within the same animal, initial movement 
latencies during dual stimulation of septal area or 

cingulate gyrus and the hypothalamus ranged between 1.0 to
9.0 sec, while mean latencies for attack occurred between 
2.5 to 18.0 sec.

While the overall behavioral pattern observed during 

concurrent stimulation of sites suppressing attack and the 
hypothalamus was similar to the attack sequence initiated by 
hypothalamic stimulation alone, the following differences 
were noted. During dual stimulation, the cat would either 

fail to attack following its initial facial sensory contact 
with the rat or it would, instead, circle the rat another 
time or just hesitate before biting the prey. This observa­
tion supports the view that following stimulation of sites 
suppressing attack, initial sensory input to the cat's lip- 

line had become ineffective for triggering the biting 

response (Block et al., 1980a).

Suppression of attack behavior.

Septal area. stimulation at 12 sites in the lateral 

septal nucleus (cases 1-6, 8, 11-13, 17, 20) produced
statistically significant suppression of quiet biting 
attack behavior elicited from the hypothalamus (p<0.05). In
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TABLE I
EFFECTS OF CO NCURRENT SEPTAL OR C ING ULATE GYRUS  

STIM ULATION UPON IN IT IA L  MOVEMENT AND ATTACK  
LATENCIES ELIC ITED FROM THE HYPOTHALAM US

Case
Modulating
Electrode
SitesFrontal
Plane

Number Of
Paired
Trials

In itia l
Movement
Latency

Mean
Differences 
In Attack  
Latencies 
(secJ ^ -X p /S jj

Effec

1

Septal Area: 

18.5 11 N5 -1.05/G.30 [#«

2 18.5 9 NS -1.90/0 .48 [»#

3 18.5 10 NS -1.6 8/0.57 1*

4 17.0 9 NS -1.08/0.43 I*

5 17.0 1 1 NS -4.15/0.41 (##

6 17.0 5 NS -1.52/0.64 I#

7 17.0 10 [»* -1.86/0.45 ] * *

8 17.0 13 NS -8.14/1.98 I* *

9 17.0 12 NS -0.32/0 .42 NS

10 17.0 17 NS -0.90/0.36 I*

11 16.0 S NS -2.25/0.31 [ t t

12 16.0 17 NS -1.23/0.31 I##

13 16.0 6 NS -7.00/2 .83 NS

14 16.0 6 — 2.57/0.73 F*

15 16.0 10 NS -2.00/0 .57 I*#

16 15.5 5 NS -9.37/3 .33 I*

17 18.5 10 NS -3.90/1 .57 I*

IS 16.0 7 NS 1.20/0.19
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19 16.0 21 NS -1.24/0 .28 [#*

20 16.0 12 NS -0.95/0 .16 I#*

21 17.0 13 NS -0.79/0 .34 I*

22 14.0 15 I* -4.55/1 .58 I*

23 18.5 11 NS -1.80/0 .39 I*

24 18.5 6 NS -3.95/0 .86 |*«

25 18.5 7 I* -2 .51 / .82 I*

26 18.5 10 I* -3.26/1 .08 I*

27 18.5 6 NS -1.80/0 .39 j* *

28 17.0 12 -1.68/0 .40 I * *

29 18.5 11 NS -5.24/1 .07 I##

30 18.5 5 NS -8.61/2.34 I*

refers to the mean value of attack latencies resulting from stimulation of 

the hypothalamus alone: refers to the mean value of attack latencies

resulting from dual stimulation of the hypothalamus and septal area or 

cingulate cortex; Sg refers to the standard error of the mean of the 

distribution of difference scores of paired trials of single and dual stimulation. 

F refers to facilitation of the attack response; and I refers to inhibition of the 

attack response; NS refers to a nonsignificant e ffe c t. *p <  0.05; * *p <  0.02.
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one additional case, stimulation of the lateral septal 

nucleus (case 13) resulted in suppression of attack that 

approached statistical significance.
Concerning adjacent regions, stimulation of the medial 

septal nucleus (case 7) , dorsal border of the nucleus 
accumbens (case 10) , bed nucleus of the stria terminalis 
(cases 21 and 22) and bed nucleus of the anterior commissure 

(cases 15 and 19) also produced significant suppression of 

attack behavior (p<0.02 and p<0.05). An analysis of the 
effects of dual stimulation upon latencies to initial move­
ment revealed that significant modulation was found in only 
2 of 22 cases tested (cases 7 and 22).

Cingulate gyrus. Stimulation of all 5 sites in the 
anterior cingulate gyrus significantly suppressed attack 

behavior elicited from the hypothalamus fp<0.05). In 3 of 5 
cases tested (cases 25, 26, 28) dual stimulation resulted in 

significant increases in latencies for initial movement of 

the forepaws fp<0.05).

Facilitation of Attack Behavior
Facilitation of attack behavior was noted from only 2 

sites tested (p<0.05). One electrode tip was located in the 
far ventrolateral aspect of the lateral septal nucleus (case 
14), a region which receives a major input from the ventral 
hippocampus (Meibach and Siegel, 1977a) and is known to 

facilitate quiet biting attack behavior. The other elec­
trode tip was situated in the posterior aspect of the septal



- 75 -

area, adjacent to the bed nucleus of the anterior commissure 

and triangular septal nucleus (case 18).

Individual sites In the septal area or anterior cingulate 

gyrus which modulated attack behavior elicited from separate 
regions of the hypothalamus

This aspect of the study determined whether stimulation 
induced modulation was limited to selective regions of the 
hypothalamus or whether stimulation uniformly modulated 

attack behavior elicited from widely different regions of 

the hypothalamus. These findings suggest that stimulation 
produced a relatively uniform effect upon attack behavior 

elicited over a wide region of the hypothalamus.
One site in the dorsolateral septum significantly 

(p<0.02 or p<0.05) modulated one quiet biting attack site in 
the ipsilateral anterior perifornical lateral hypothalamus 

(case 2) and another quiet biting attack site in the 
posterior hypothalamus (case 17). A second site located in 
the "intermediolateral" septum was found to modulate attack 
behavior elicited from both ipsilateral (case 12) and 

contralateral (case 20) supramammillary region. Stimula­
tion at a third electrode tip in the ventrolateral septum, 

bordering the diagonal band of Broca was found to modulate 
attack elicited from the contralateral perifornical lateral 

hypothalamus (case 15) as well as from the ipsi- (case 18) 
and contralateral (case 19) supramammillary regions, stimu­
lation of another site located in the dorsomedial preoptico-
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hypothalamus, significantly modulated attack elicited from 
the contralateral hypothalamus (case 15) and from the ipsi­
lateral suprammillary region (case 19).

With regard to anterior cingulate gyrus modulation of 
attack, one site in this region modulated 3 different hypo­
thalamic sites producing attack. One of these electrodes 

was located in the ipsilateral perifornical lateral hypo­
thalamus (case 24), a second was situated in the posterior 

hypothalamus (case 29) and a third was located in the supra- 
mammillary region (case 30). Finally, we observed that an 
anterior cingulate gyrus site modulated attack elicited from 
both the contralateral perifornical hypothalamus (case 25) 
and posterior hypothalamus (case 26).

Effects of hypothalamic stimulation upon trigeminal sensory 

fi elds
MacDonnell and Flynn (1966a) established that the jaw 

opening response that could be elicited during hypothalamic 

stimulation and Upline probing in the cat, was a function 
of the current intensity delivered to that hypothalamic 
site. It was observed that if either the ipsilateral or the 

contralateral lipline was probed during single stimulation 

of the hypothalamus and if the procedure was coupled with 
increasing current intensities delivered to that site, the 

extent of the lipline from which jaw opening was elicited 
during probing, expanded laterally from midline. Following
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the procedure of Block et al., (1980a), the lateral extent
of the lipline from which probing can elicit a jaw opening 

response during hypothalamic stimulation has been defined as 
the "effective sensory field."

Effects of stimulation of septal area and cingulate gyrus 

upon hypothalamically elicited "effective sensory fields"
The effects upon the effective sensory fields,

following stimulation of septal area and cingulate gyrus 

sites which clearly modulated quiet biting attack elicited 

by hypothalamic stimulation are described in Fig. 9 and 
Table II. The results indicate that modulating sites in 

both the septal area and cingulate gyrus generally
constricted the "effective sensory fields." A greater number 
of significant effects were obtained on the side contra­

lateral to the hypothalamic electrode. This indicates a 
differential excitation of each side of the body, with the 
receptive field for the reflex on the contralateral side 
affected more than the other side.

Inhibitory sites. Those septal or cingulate sites that 
produced significant suppression of attack during dual elec­
trical stimulation of the hypothalamus also produced a 
statistically significant constriction (p<0.05) of the

"effective sensory fields" along the lipline (Fig. 9 and 

Table II). In 11 cases (I, 4-6, 8, 10-13, 15, 16) of septal 
area stimulation and 2 cases (23, 28) of cingulate gyrus

stimulation, the contralateral extent of the lipline was 
significantly (p<0.05) constricted following stimulation of
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Fig. 9. Bar graphs depict the alteration of the size of the 
"effective sensory fields" following concomitant stimula­
tion of the hypothalamus with the septal area, bed nucleus 

of the stria terminalis or cingulate gyrus (crosshatched 
histograms) and following stimulation of the hypothalamus 
alone (open histograms) . Numbers centered below pairs of 

histograms identify cases described in Table II. *p<0.0S;
**p<0.02.
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TABLE II
EFFECTS OF CONCURRENT SEPTAL OR CINGULATE GYRUS STIMULATION  

UPON THE IPSILATERAL AND CONTRALATERAL EXTENT OF THE "EFFECTIVE SENSORY FIELDS" 
AND UPON THE LATENCY TO JAW OPENING DURING LIPLINE PROBING

Sensory effects Motor eflects

Ipsilateral Lipline Contralateral Lipline Mid-Lipline

Case Modulating Number of Effect Number of Effect Number of Effect
Electrode Site; Paired Paired Paired
Frontal Plane Trials Trials Trials

T

1

Septal area: 

18.5 5 C* 10 C* 5 NS
2 18.5 8 C** 5 NS 5 NS
3 18.5 8 c»* 5 NS —

it 17.0 5 NS 6 C* 5 NS
5 17.0 5 c** 11 c** 5 NS
6 17.0 5 c* 9 NS 9 NS
7 17.0 — — — — —
8 17.0 5 NS 8 c** 5 NS
9 17.0 — — — ~ —

10 17.0 5 NS 6 c* 5 F*
11 16.0 5 c** 11 c** 5 NS
12 16.0 7 c** 8 NS 5 NS



13 16.0 6 C * 7 C * 5 F*

14 16.0 5 NS 8 E* — —

15 16.0 6 NS 6 C * — - -

16 15.5 5 c * * 5 C ** 7 NS

17 18.5 — — -- — — —

IS 16.0 — — — — — —

19 16.0 — — — — — —

20 16.0 5 NS 6 E* 5 NS

21 17.0 7 NS 7 NS — —

22 14.0 — — — — — —

Anterior Cingulate Gyrus: i

23 18.5 5 C * 7 C * 5 NS “

24 18.5 5 NS 11 NS 5 NS '

25 18.5 6 NS 5 NS — —

26 18.5 - - — - - — — - -

27 18.5 — - - — — - -

28 17.0 5 NS 7 C* 5 NS

29 18.5 — — — — — - -

30 18.5 — — — — — - -

C refers to constriction of the sensory fields of the lipline; E refers to expansion of the sensory fields of the lipline;

F refers to facilitation of the jaw opening response; NS refers to a nonsignificant e ffect. *p <0.05; <0.05.
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sites previously shown to suppress attack, in 7 cases (1-3, 

5, 11, 13, 16) of septal stimulation and 1 case (23) of
cingulate gyrus stimulation a significant constriction of 
the ipsilateral sensory field was also noted (p<0.05).

Facllitatory sites. Of 2 septal sites that produced 
facilitation of the attack response (cases 14, 18) only one 
site (case 14) displayed a significant expansion of "effec­
tive sensory fields" during stimulation. The modulating 
electrode tip in this case was located in the far ventro­
lateral septal area. In case 18, sensory field testing was 
not carried out. In case 20, in which the modulatory elec­
trode tip was situated in the central aspect of the lateral 
septal nucleus, a significant inhibition of the attack 
response was coupled with a significant expansion of the 
contralateral "effective sensory field.” In this animal, 

septal stimulation had no effect upon the ipsilateral "ef­
fective sensory fields" of the lipline.

Effect of dual stimulation upon the latency for the jaw 

opening response
In the following experiment, a constant sensory field 

was generated when probing occurred along the region of the 

midline of the lip during both conditions of single and dual 
stimulation. This aspect of the study was carried out in 

order to assess the effects of dual stimulation upon the 
motor component of this response. In general, stimulation
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from modulating sites had little or no effect upon jaw 

opening latencies.
Inhibitory sites. Stimulation of 13 of 15 septal area 

and cingulate gyrus sites which significantly suppressed 
attack behavior produced no changes in the latencies for the 
occurrence of jaw opening response {as indicated in Pig. ID 

and Table II). The latencies for the occurrence of this 
response during either single or dual stimulation ranged 
from 2.0 to 10.0 sec. Only 2 electrode sites situated in 
the septal area produced, upon stimulation, a significant 
suppression of jaw opening latencies. See Fig. 11 for a 

summary of the typical effects of stimulation of the septal 

area.

[14C ]2-deoxyglucose autoradiography
14Following behavioral testing, a { CJ2-DG metabolic 

mapping experiment was performed in order to identify the 
specific pathways and structures metabolically activated by 
electrical stimulation of select septal area sites from 
which modulation of attack was obtained. The results from 
two successful inhibitory sites will be described below.

The first stimulating electrode from which inhibition 

of attack was obtained (case 8), was located in the ventral 
aspect of the lateral septal nucleus (Fig. 12, 13a and 13b). 

At the level of the stimulating electrode, the 2-DG auto­
radiographs revealed an intense zone of activation about the 

electrode tip, which could be followed dorsally into the
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Fig. 10. Bar graphs indicating that concomitant stimula­
tion of the hypothalamus and septal area has little effect 
upon the latency to jaw opening during probing of the mid­
line region of the lip. For each pair of histograms, the 
first bar indicates the mean latency to jaw opening 
resulting from stimulation of the hypothalamus alone, while 

the second bar indicates the mean latency to jaw opening 

resulting from concurrent stimulation of the hypothalamus 
and septal area or cingulate gyrus. *p<0.05.
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Fig. 11. Histograms illustrating typical effects of stimu­

lation of the septal area upon: (A) latency to initial move­
ment of the forepaws; (B) latency to quiet biting attack; 
(C) the ipsilateral and contralateral "effective sensory 
fields"; and <D) the latency to jaw opening. Open histo­
grams, stimulation of the hypothalamus alone; cross-hatched 

histograms, dual stimulation of the hypothalamus and the 
septal area (case 8). **p<0.02.
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14Fig. 12. [ C ]2-Deoxyglucose autoradiographs demonstrating
the regions metabolically activated following electrical 
stimulation of a site in the ventral aspect of the lateral 
septal nucleus (case 8), which was shown previously to sup­

press hypothalamically-elicited quiet biting attack and to 

constrict the contralateral "effective sensory fields." The 
white dot depicts the position of the stimulating electrode 
tip. Note uptake of label in the diagonal band of Broca 

(level c) and anterior lateral hypothalamus (level e). For 
a detailed description of brain sites activated, see Fig. 
13a and 13b.
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Fig. 13a and 13b. Line diagrams demonstrating the struc­

tures metabolically activated as determined from the auto­
radiographs displayed in Fig. 12 (case 8). The location of 
the stimulating electrode in the lateral septal nucleus is 
depicted by the closed circle in level c. At the level of 

the stimulating electrode (level c) , an intense zone of 
activation could be seen about the electrode tip. Label 

could be followed into the entire lateral septal area 
(levels c and b). Rostrally, label could be followed 
through the anterior aspect of this nucleus into the medial 
part of the nucleus accumbens (level b) and prelimbic cortex 

(level a). No activation was seen on the side of the brain 
contralateral to the stimulating electrode. Activation 

could be followed medially into the medial septal nucleus 

(level c) and ventrally into both the vertical and hori­
zontal limbs of the diagonal band of Broca (levels c and d). 

Additional label was followed into the lateral preoptic 
(level e) and anterior perifornical lateral hypothalamus 

(level f and g). Some label was also seen at rostral levels 
of the periventricular thalamus (level f). Caudally, label 

could be followed from the lateral septal area through the 
fornix (levels d-h) into the dorsal and ventral hippocampus 
where label was most pronounced over the CA fields and 
subicular cortex. Abbreviations: ACB, nucleus accumbens;

CA, anterior commissure; CA1, hippocampal field CA1; CA3, 

hippocampal field CA3; C d , caudate nucleus; Dbb, diagonal 

band of Broca; E, entorhinal cortex; Fx, fornix; HL, lateral
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hypothalamus; PL, prelimbic cortex; Pre, presubiculum; RPO, 
preoptic area; s, subicular cortex; Spt, septal area.



Fig. 13a.



Fig. 13b.
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entire lateral septal area. ROBtrally, label could be fol­

lowed through the anterior aspect of this nucleus into the 
medial part of the nucleus accumbens and prelimbic cortex. 
No activation was seen on the side of the brain contra­

lateral to the stimulating electrode. Activation could be 
followed medially into the medial septal nucleus and
ventrally into the both vertical and horizontal limbs of the

diagonal band of Broca. Additional label was followed into 
the lateral preoptic and anterior perifornical lateral hypo­
thalamus. Some label was also seen at rostral levels of the 
periventricular thalamus.

Caudally, label could be followed from the lateral 
septal area through the fornix into the dorsal and ventral 
hippocampus where label was most pronounced over the CA
fields and subicular cortex.

In the second case (5), in which inhibition of attack 
was also obtained, the stimulating electrode tip was located 

in the dorsomedial quadrant of the lateral septal nucleus 

(Fig. 14a & 14b). Activation could be followed rostrally 
into the prelimbic cortex but not into the nucleus
accumbens. At the level of the stimulating electrode tip, 
activation could also be followed into the ipsilateral 

medial septal nucleus, both vertical and horizontal limbs of 
the diagonal band of Broca and the lateral preoptic region. 

The intensity of label in these structures was generally not 

as intense as that observed in case 8. Label could also be 
traced from the dorsomedial septum into the dorsal fornix
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Fig. 14a and 14b. Line diagrams depicting the structures 

metabolically activated following electrical stimulation of 

the dorsomedial aspect of the lateral septal nucleus (case 
5). The location of the stimulating electrode is depicted 
by the closed circle in level d. Note the uptake of label in 
the diagonal band of Broca. See Fig. 13 for abbreviations.
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and dorsal hippocampus, with somewhat less intense activa­

tion visible in the dorsal aspects of the ventral hippo­

campus and subicular cortex.
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DISCUSSION
Septal suppression of attack

The results of this study replicate and extend the 
earlier findings of Siegel and Skog (1970) and Siegel and 
Chabora (1971). It is clear from the present study that an 

extensive inhibitory network is present for the control of 
quiet biting attack behavior which includes much of the 
ipsilateral and contralateral septal area and anterior 
cingulate gyrus. The findings further indicate that stimu­
lation of sites in the septal area which suppress quiet 

attack also significantly constrict the "effective sensory 
fields" of the lipline (Block et al., 1980a; Block et al. , 
1960b) established during stimulation of sites eliciting 
quiet biting attack behavior. Accordingly, it is reasonable 

to conclude that the suppressive effects of septal area 
stimulation on quiet biting attack behavior are achieved in 
part, by the influence this region exerts upon the sensory 

(behavioral) component of the jaw-opening response, which is 
present during the occurrence of the attack response 

(MacDonnell and Flynn, 1966).
It is important to note that while septal stimulation 

had potent effects upon the effective sensory fields of the 

lipline, there was little or no effect upon motor com­

ponents of this response. This is evidenced by the fact 

that: (1) latencies to initial movement following stimula­
tion of the hypothalamus and (2) latencies for the jaw 

opening response during probing of the midline of the lip
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were both unaffected by septal stimulation and (3) stimula­
tion of the septal area did not result in the initiation of 
any motor components of the attack response nor of any other 
motor responses unrelated to the attack sequence. Inasmuch 

as stimulation of most regions of the septal area appears to 
suppress quiet attack in part by regulating the "effective 
sensory fields" along the lip, the mechanisms operative 

during septal modulation of attack appear to parallel those 
previously ascribed to several other portions of the limbic 
forebrain for the suppression of attack behavior, such as 
the amygdala (with the exception of its lateral and central 

nuclei) (Block et al., 1980a) and lateral aspect of the
substantia innominata (Block et al., 1980b) stimulation.

Although earlier evidence that the septum (Ranson et 

al., 1935; Mogenson, 1976) primarily regulates behavioral 
and physiological responses in an inhibitory manner, there 
is a growing body of evidence which indicates that it also 

has facilitatory effects (Malmo, 1961; Stuart et al., 1961; 
Sibole et al., 1971; Covian, 1967; Miller and Mogenson,

1971, 1972; Calaresu and Mogenson, 1972; Covian et al.,
1964; Covian and Timo-Iaria, 1966; Stoddard-Apter and 

MacDonnell, 1980; Siegel and Edinger, 1976; Mogenson, 1976). 
It has been reported that septal stimulation can increase 
the rate of respiration, heart rate and blood pressure as 

well as decreasing these responses (Calaresu and Mogenson, 

1972; Covian et al., 1964; Covian et al., 1966; Malmo,
1961) . Septal sitmulation has been shown to both increase
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and decrease drinking elicited by lateral hypothalamic 

stimulation (Sibole et al., 1971). Tachycardia and brady­

cardia can be elicited by stimulating the same septal site 
{Stuart et al., 1961). It has been suggested that the
septum exerts either facilitatory or inhibitory effects upon 
hypothalamic and midbrain systems, so as to modulate a 
variety of responses organized within these regions (Covian, 

1967; Sibole et al., 1971; Miller and Mogenson, 1971; 1972).
With regard to aggression, it has also been found that 

the septal region is not exclusively inhibitory to aggres­
sive behavior. This study and others indicate that the 
lateral septal nucleus inhibits hypothalamically elicited 

attack behavior (Brutus et al., 1984b; Siegel and Edinger, 
1976; Siegel and Skog; 1971), while the far ventrolateral 

aspects of this region are facilitatory to quiet attack 
behavior (Brutus et al., 1984b; Siegel and Edinger, 1976;
Siegel and Skog, 1970). Therefore, a functional differen­
tiation exists within the septum with regard to quiet attack 
behavior. In addition, electrical stimulation of much of 
the septum has been found to be facilitatory to another form 

of hypothalamically elicited aggressive behavior, intra­
specific aggression and associated hissing (affective de­
fense) (Siegel and Edinger, 1976; Stoddard-Apter and 

MacDonnell, 1980) and also to flight behavior (Edinger and 
Siegel, 1976) in the cat. It is important to note that 
septal area modulation of affective defense is opposite to 

that for quiet attack and this can therefore serve as a
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control for any generalized effects produced by electrical 

stimulation. These findings indicate that septal inhibition 
of quiet attack behavior cannot be interpreted in terms of a 

general inhibition of all motor responses.

2-DG findings
Methodological considerations of [14C]2-DG functional 

mapping following electrical brain stimulation of septal 
region. [ 14C ]-2-deoxyglucose autoradiography was under­
taken in concert with electrical stimulation of sites in the 
septal area from which modulation could be achieved in order 
to gain further insight into the nature of the pathways and 
structures activated during electrical stimulation. This 
approach represents an improvement over other techniques and 

can provide significant new information concerning the func­

tional output of the septal area. Classical neuroanatomical 
methods such as silver impregnation procedures for staining 

of degenerating axons, tritiated amino acid radioauto­
graphy, and HRP provide only indirect evidence concerning 

anatomically related structures. Electrophysiological 

approaches also provide only a sampling of the affected 
brain regions following activation of a given brain site. 
In contrast, the 2-DG method permits visualization of the 
entire brain, thus allowing one to determine the overall 

changes that occur in metabolic activity in a variety of 
brain pathways. Another advantage of this technique is that 
it can provide a basis for comparing the relative strength
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of effects upon different target regions following stimula­

tion of a given site. These effects can be visualized as 
relative difference in optical densities on the X-rays. 
Relative differences in optical densities (which have been 

assumed to be correlated with metabolic activity) can be 
quantified by the use of densitometry.

This procedure has been applied successfully in this 
study and a series of previous studies in order to identify 
similar functional pathways of limbic structures in both cat 
(Watson et al., 1983a) and rat (Watson et al., 1983b;

Watson et al., 1985; Watson et al., 1983c; Fuchs et al.,
1981; Fuchs and Siegel, 1984). In this procedure it is
assumed that stimulation will activate both the cell bodies 
of origin as well as the fibers of passage in proximity to 

the stimulating electrode. Increases in the uptake of 
isotope in these regions are expressed as labeled or 
optically dense areas on the brain section autoradiographs. 

That a functional relationship exists between 2-DG labeling 

of tissue and functional activity within the brains has 

already been established (Hubei et al., 1978; Plum et al. , 
1976; Roberts, 1980; Schwartz et al., 1979; Sokoloff et al., 
1977). Increases in 2-DG uptake within discrete regions 
following electrical stimulation of various brain sites are 

suggestive of functional activation of these regions 

(Roberts, 1980; Watson et al., 1983a; Watson et al., 1983b; 

Watson et al. , 1985; Watson et al., 1983c). The pathways

labeled by this procedure will most likely be the ones which
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serve as the anatomical substrate over which septal modula­

tion of attack is achieved.
A working hypothesis has been that 2-DG labeling 

reflects the functional activation of the most prominent 
pathways which may be essential for the functional regula­
tion subserved by the stimulated region in question. 
Several conclusions regarding how brain tissue is labeled 
following electrical stimulation can therefore be made. It 
can be noted that functional brain activation of distal 

structures utilizing electrical brain stimulation coupled 
with 2-DG autoradiography, appears to be limited to mono­
synaptic labeling of neural tissue in both the awake and 

anesthetized rat (Brutus et al. , 1984a; Roberts, 1980) and 
cat (Brutus et al., 1984b; Fuchs et al., 1981). In the
absence of elicited seizure activity, the labeling of first- 
order projection systems for widespread regions of the 

limbic system and now the septal area has been demonstrated 
(Watson et al., 1985). Another conclusion drawn from this 

study and the overwhelming majority of other studies is that 
the labeling observed subsequent to stimulation of fiber 
pathways, their axon terminals or nuclear groups, appears to 

be orthodromic in nature, although the possibility of anti­
dromic activation may not be entirely ruled out for all 

cases. This is based primarily upon the fact that the 
regions activated following electrical stimulation of the 

septal nucleus closely resemble the patterns of labeling
3derived from such anterograde anatomical techniques as H-
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amino acid radioautography and experimental degeneration. 
Additional support for this view comes from a study by Fuchs 
et al., 1981, in which they found that distribution patterns 
of label within forebrain and brainstem sites following H- 
amino acid injections into the medial hypothalamus, matched 

those following systemic 2-DG injections coupled with elec­

trical brain stimulation of equivalent hypothalamic sites. 

An additional issue relates to the number of pathways acti­
vated from stimulation of a given structure. When stimula­
tion is applied to a given site in the limbic system, the 
regional patterns of increased 2-DG uptake do not always 
reflect the total number of target structures known to re­
ceive fibers arising or passing through the stimulated 
region. From previous studies (Watson et al., 1985; Watson 
et al., 1983a, b, c) , it has been concluded that this pro­
cedure most likely yields positive visualization of those 
fiber bundles and their axon terminals which are large in 

number, relatively compact and of small diameter. The sur­
face area to volume ratio of the activated cellular element 
is presumably a critical factor in determining the extent of 
labeling that can be identified on the X-ray autoradiographs 

(Matta et al., 1980; Schwartz et al., 1979). Consequently, 
the principal elements labeled by this method would most 
likely be small diameter axons, dendrites and synaptic 

terminals rather than cell bodies (Divac and Diemer, 1980; 
Savaki et al., 1983), although cell bodies are also labeled. 

Accordingly, another working hypothesis has been that 2-DG
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activation reflects the functional activation of the most 
prominent pathways essential for the functional regulation 
subserved by the stimulated region in question.

Anatomy. Anatomical studies (Krayniak et al., 1980;

Meibach and Siegel, 1977; Raisman, 1966; Siegel and Tassoni, 
1971; Watson et al., 1985) have indicated that the major
projection targets of the septal area include the lateral 
hypothalamus, hippocampal formation and habenular complex. 
In the present study, we noted marked [14CJ2-dg uptake in 

both dorsal and ventral hippocampal formation and diagonal 
band nuclei, with lesser quantities of label present within 
hypothalamus. Accordingly, from these observations, the 
following possible anatomical mechanisms may account for our 
results. One view is that inhibition from the septal area 

is mediated monosynaptically, from the septal area to the 
lateral hypothalamus. The anatomical basis for such a pro­
jection is well known (Krayniak et al., 1980; Meibach and

Siegel, 1977; Siegel and Tassoni, 1971; Watson et al., 

1985) . Related 2-DG studies in the rat show a similar 

activation pattern in the nuclei of the diagonal band and 
the lateral hypothalamus (Watson et al. , 1985). This sug­
gests that the functional pathways activated during 

electrical stimulation of the septal area are basically 

similar in the cat and rat.
A second possibility is that septal suppression of 

attack is mediated either indirectly as a feedback pathway 

by activating the inhibitory components of the dorsal hippo-
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campal formation or by suppressing the facilitatory com­
ponents of the ventral hippocampal formation (Siegel and 
Flynn, 1968; Watson et al., 1983a) or by serving as a more 
direct relay for dorsal hippocampal modulation of attack. 

This hypothesis seems somewhat less likely since one would 
have to predict that both dorsal hippocampal as well as 
septal inhibition of attack would involve similar functional 
mechanisms upon this behavior or that septal stimulation 

would selectively inhibit neuronal activity within the 
ventral hippocampal formation. In fact, dorsal hippocampal 
stimulation has little or no effect upon the "effective 
sensory fields* (Watson et al., 1963a), while significant

effects upon the sensory fields of the lipline were reported 

from stimulation of the septal area in the present study. 
For the same reason, the dissimilarity in modulating effects 
between dorsal hippocampus and septal area would appear to 
rule out the likelihood that the inhibitory portions of the 

septal area merely form a final relay link for the suppres­
sion of attack from the dorsal hippocampus. Further, it is 
not likely that inhibition from the septal area is the 
result of inhibition of the facilitatory influence upon the 

ventral hippocampal formation, since fimbria-fornix stimu­

lation is known to produce primary excitation in pyramidal 
neurons (Spencer and Kandel, 1961; Spencer and Kandel, 

1968). That septal stimulation produced activation of the 
hippocampal formation indicated that, in this instance, only 
fibers of passage were activated, because the sole origin of
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the septo- hippocampal pathway is restricted to the diagonal 

band nuclei and to a lesser extent, the adjoining medial 
septal nucleus (Krayniak et al., 1980; Meibach and Siegel, 
1977). Therefore, for this reason as well, it is somewhat 

unlikely that the lateral septal nucleus could exert a 
direct influence upon the hippocampal formation.

A more attractive hypothesis is that the inhibitory 
components of the septal area produced their modulation of 
attack behavior by initially acting upon the nuclei of the 
diagonal band. The region receives a major input from parts 

of the lateral septal area (Krayniak et al., 1980; Meibach 
and Siegel, 1977), and is known to exert a powerful in­

hibitory effect upon a quiet attack in the cat (Inselman and 
Flynn, 1972) and muricidal behavior in the rat (Bandler and 

Vergnes, 1979). The diagonal band is known to project ex­
tensively to the hypothalamus as demonstrated by both 

classical autoradiographic approaches (Krayniak et al. , 

1980; Meibach and Siegel, 1977) as well as by functional 2- 
DG autoradiography (Watson et al., 1985).

It should also be pointed out that in the present study 

two sites producing suppression of attack behavior were 
located in the bed nucleus of the stria terminalis. In 
these instances, the pathways mediating suppression of 

attack could appear to be different, involving instead the 

amygdaloid projection system. Specifically, those portions 
of the amygdala from which suppression of quiet attack can 

be obtained (Block et al., 1980a; Egger and Flynn, 1963)
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project heavily via the stria terminalis to its bed nucleus 

(DeOlmos and Ingram, 1972; Krettek and price, 1978). 
Stimulation of these amygdaloid nuclei can also intensely 
activate the bed nucleus (Watson et al., 1983c). Since
stimulation of the bed nucleus can produce activation within 
the perifornical hypothalamus, a region from which quiet 

attack can be initiated upon stimulation, it is reasonable 
to suggest that suppression of quiet attack from the bed 

nucleus of the stria terminalis is monosynaptically mediated 
and that it constitutes part of an overall system involving 
inhibitory regions of the amygdala.

Septal Facilitation of Attack
Septal facilitation of quiet attack was only observed 

in several instances in the present study. Electrode sites 

were noted mainly in the far ventrolateral aspect of the 
lateral septal nucleus. it should be noted that facilita­
tion of attack was also noted from this region of the septum 
in an earlier study (Siegel and Skog, 1970).

With regard to facilitation of attack, as noted above 

in the Results Section, this region of the lateral septum 
receives a major input from the ventral hippocampal forma­
tion. This portion of the hippocampal formation is known to 
exert a powerful facilitatory effect upon quiet attack be­

havior, in part by modulation of the "effective sensory 
fields" of the lipline (Watson et al., 1983a). Therefore,

it is suggested that the ventrolateral aspect of the lateral



- 110 -

septal area which is also known to project to the lateral 
hypothalamus (Krayniak et al. , 1980; Melbach and Siegel,
1977; Watson et al., 198 3c), may serve as a relay mechanism 
from the ventral hippocampal formation for the facilitation 

of quiet attack behavior.

Cingulate Gyrus
In the present study, an attempt was also made to 

determine whether the mechanism for cingulate gyrus suppres­
sion of attack behavior involved regulation of the "effec­
tive sensory fields" active during the attack sequence. In 
the first phase of this experiment, replication of an 

earlier study by Siegel and Chabora (1971) demonstrated that 
suppression of hypothalamically elicited attack could be ob­
served from stimulation of the ipsilateral anterior 

cingulate cortex in 5 cases and from the contralateral 
cortex in 3 additional instances. Of these 8 cases, sensory 
field testing was done for 4. Here, stimulation yielded 

significant results only for two of the points, and had no 
effect upon the latency for jaw-opening or upon initial 

movement latencies in most cases. These results suggest 

that anterior cingulate cortex suppression of quiet attack 
behavior may involve mechanisms other than those associated 
with the regulation of the "effective sensory fields" or the 

motor component of the attack response.



Appendix 1: F im bria  Fornix System
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The fim bria-fornix system reciprocally connects the hippocampal formation, septum, hypothalamus, thalamus, 
entorhinal cortex and midbrain. Descending fiber pathways are shown here.
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Appendix II. [14c )-2-Deoxyglucose Metaboll am.
Oxygen utilization by tissue is the most direct measure 

of energy metabolism. However, the radioactive isotopes of 
oxygen have a very short physical half-life and oxygen is 
too volatile to allow for the measurement of brain oxidative 
metabolism by the autoradiographic technique. In the 
majority of cases, glucose is almost the only substrate for 

cerebral oxidative metabolism and its utilization is cor­
related with oxygen consumption (Kety, 1957; Sokoloff, 
1976). Radioactive glucose, like oxygen, is also not satis­
factory because its labeled products also have a very short 
biological half-life. They are lost much too rapidly from 

cerebral tissues. An analogue of glucose, 2-deoxy-D- 

[^C]glucose has several biochemical properties which make 
it excellent for tracing glucose metabolism and measuring 
local rates of cerebral glucose utilization by the auto­

radiographic technique. 2-Deoxyglucose (2-DG) is
transported in both directions between blood and brain by 

the same carrier that transports glucose across the blood- 
brain barrier (Bidder, 1968; Bachelard, 1971; Oldendorf, 
1971). In the brain, 2-DG is phosphorylated by hexokinase 

to 2-deoxyglucose-6-phosphate (Sols and Crane, 1954). Both 

2-DG and glucose are competitive substrates for both blood- 
brain transport and hexokinase-catalyzed phosphorylation. 

Deoxy-glucose-6-phosphate, however, cannot be further 

metabolized to fructose-6-phosphate, whereas glucose-6- 

phosphate can and is eventually further metabolized to COj
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and water (Sols & Crane, 1954). There is very little
glucose-6-phosphatase activity in the brain (Hers, 1957) and
even less deoxyglucose-6-phosphatase activity (Sokoloff, et 

14al., 1977), C-labeled deoxyglucose-6-phosphate is essen­
tially trapped in brain tissue (within neuronal perikarya or 
fibers) to allow for its experimental measurement. The 

half-life of [ ]-deoxyglucose 6-phosphate in brain has 
been estimated by Sokoloff et al. (1977) to be 7.7 hours for 
gray matter and 9.7 hours in white matter in mammals. If
the duration of the experiment is kept short enough, for

14about 1 hour, there will be negligible loss of ( CJdeoxy- 
glucose 6-phosphate from cerebral tissue.

Glucose uptake is increased in active neurons, as

during normal functional activity or electrical stimulation 
of brain loci. If radioactive 2-DG is substituted for

glucose, it will cross the blood brain barrier and will be 
taken up like glucose by those cerebral tissues which are 

more metabolically active, but it will not be metabolized 
like glucose. Therefore the uptake of radioactive 2-DG by 

those brain regions which are metabolically or functionally 
more active, can be used to map the activity of neurons
simultaneously in all the macroscopically visible struc­
tures of the brain. The optical densities in the autoradio­

graphs then represent the concentrations of 

[ ]-deoxyglucose-6-phosphate trapped within cells and 
therefore directly reflects the relative rates of glucose 

utilization in various brain structures (Sokoloff, 1977).



Appendix 111: S tria M edullaris System

Olfactory
Tubercle Lateral

Habenular
Nucleus

Medial
Habenular
Nucleus

Septo-fimbrial
Nucleus

Lateral
Preoptico-hypothalamus



- 115 -

Appendix IV: Medial Forebrain Bundle System

Descending portion of the medial 
forebrain bundle.
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The midbrain central gray and tegmental structures which form the main 
target structures of the descending components of the medial forebrain  
bundle also give rise to the major ascending components of this fiber 
bundle.



- 116 -

Appendix Vi Stria Term inaiis System
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Appendix VI; Structures Modulating Quiet Biting Attack Behavior

EFFECTS OF STIMULATION OF LIMBIC SYSTEM STRUCTURES UPON ATTACK BEHAVIOR AND THE ASSOCIATED 
ANATOMICAL PATHWAYS UNDERLYING MODULATION (Siegel and Edinger, 1983).

Structure Effect Interneuron Final Common Pathway

ventral hippocampus facilitation

dorsal hippocampus suppression

lateral septal nucleus suppression

lateral septal nucleus facilitation
(far lateral aspect)

basomedial amygdala suppression
and pyriform cortex

lateral amygdaloid nucleus facilitation

substantia innominata suppression
(lateral aspect)

substantia innominata facilitation
(medial aspect)

prefrontal cortex suppression

anterior cingulate gyrus suppression

lateral septal nucleus

lateral septal nucleus and 
diagonal band nuclei

diagonal band nuclei

direct fibers or via the 
bed nucleus of stria terminaiis

substantia innominata

feedback to amygdala

mediodorsal nucleus and 
midline thalamus

mediodorsal nucleus and 
midline thalamus

medial forebrain bundle 

medial forebrain bundle

medial forebrain bundle 

medial forebrain bundle

stria terminalis/bed nucleus- 
hypothalamic fibers

medial forebrain bundle

stria terminalis/bed nucleus- 
hypothalamic fibers

medial forebrain bundle 

thalamo-hypothalamic fibers 

thalamo-hypothalamic fibers
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Appendix VII; La te ra l Septal Area Anatomy

Corpus
Callosum

D1
Dm

im

VL

Vdb I

Hdb

This coronal section through the septum identifies the subdivisions of this 
region (Meibach and Siegel, 1977a). DM , dorsomedial quadrant; Dl, dorso­
lateral quadrant; VI, ventrolateral quadrant; im, interm ediolateral septum;
M, medial septal nucleus; Vdb, vertical limb of the diagonal band of Broca; 
Hdb, horizontal limb of the diagonal band of Broca; A C , anterior commissure; 
V, ventricle.
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Appendix VIII; Pathways by which the cingulate gyrus can modulate quiet a ttack .
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(from Siegel e t a l., 1973b)
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