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Substance P and its tachykinin NK1 receptors are highly expressed in brain regions involved in emotional
control. We recently showed that NK1-mediated substance P neurotransmission is deeply involved in the
control of aggressiveness. To get further insights into the NK1 receptor/aggression relationship, we studied
the role of NK1 receptor-expressing neurons of the hypothalamic attack area, the only brain region in rats
fromwhich biting attacks can reliably be elicited by both electrical and neurochemical stimulation. We show
here that the hypothalamic attack area preferentially expresses the NK1 type of tachykinin receptors. When
such neurons were lesioned by substance P-conjugated saporin (SP-sap) infused into the hypothalamic
attack area, violent attacks were dramatically reduced, whereas milder forms of aggression (soft bites and
offensive threats) remained unaltered. The lesions were neuron type-specific as SP-sap lesions markedly
reduced NK1 staining without significantly affecting total cell counts. NK1 staining in the neighboring lateral
hypothalamus was not affected, which confirms the spatial specificity of the lesion. Surprisingly, the lesions
also reduced anxiety-like behavior in the elevated plus-maze. This effect is likely explained by the extensive
connections of the hypothalamic attack area with brain regions involved in the control of anxiety. The
present findings suggest that violent and milder forms of attack are differentially controlled. NK1 receptor-
expressing neurons of the hypothalamic attack area are tightly and specifically involved in the former but not
in the latter. Our data also raise the possibility of a coordinated control of violent attacks and anxiety by the
same NK1-expressing neurons.
© 2009 Elsevier B.V. All rights reserved.
1. Introduction

Anatomical studies have shown a high expression of tachykinin
NK1 receptors in brain regions that are important for the control of
affective behaviors and stress responses (Tsuchida et al., 1990; Yip and
Chahl, 2000; Saffroy et al., 2003; Czeh et al., 2006). Therefore, the
substance P-NK1 receptor pathways have been repeatedly and still
implicated in the pathophysiology of psychiatric disorders, especially
of anxiety and depression, despite some discouraging clinical trials
(Kramer et al., 1998; File, 2000; Rupniak et al., 2001; Bilkei-Gorzo
et al., 2002; Santarelli et al., 2002; Czeh et al., 2006). Importantly, the
brain distribution of NK1 receptors appears to be remarkably
consistent across species (Rigby et al., 2005; species compared: rats,
guinea-pigs, gerbils, and marmosets).

Our recent studies suggest that the tachykinin NK1 receptor plays
an important role also in the control of aggressive behavior (Halasz
et al., 2008). In a double labeling study, we have shown that resident/
intruder conflicts markedly activate NK1 receptor-expressing neurons
l Neurobiology, Institute of
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in the medial amygdala and hypothalamic attack area, two brain
regions that are intimately involved in the control of attacks. The
activation was behavior-specific, as psychosocial encounters — that
involve sensory but not physical contacts between subjects— lead to a
markedly lower activation. In addition, we showed that the systemic
administration of the NK1 blocker L-703,606 dramatically decreased
hard bites without affecting soft bites. Other behaviors (e.g. explora-
tion, social interactions, offensive and defensive postures as well as
dominance-related behaviors) remained unchanged as well. Violent
but not other forms of attack were also inhibited by L-703,606 in a
recently developed model of abnormal aggression (Haller and Kruk,
2006). Taken together, these findings suggest that NK1 receptor-
expressing neurons are specifically involved in the control of violent
attacks (Halasz et al., 2008).

We hypothesized that the effects of tachykinin NK1 receptor
blockade were primarily mediated by NK1 receptors located in the
hypothalamic attack area. The role of this brain region in attack
behavior was described in early 20th century (Hess, 1928), and was
amply confirmed later (Kruk, 1991; Siegel et al., 1999). This is the only
brain region in rats from which attacks can rapidly, specifically and
reliably elicited by electrical stimulation. Aggressive behaviors other
than attack are not affected by stimulation. Notably, hypothalamic
regions with similar roles were identified in all the species studied so
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far; moreover, the results of psychosurgery confirm that it exists in
humans as well (Sano et al., 1966). The hypothalamic attack area
largely corresponds to the intermediate hypothalamus (Geeraedts et
al., 1990). Cell density within this region is approximately one third of
that seen in the paraventricular nucleus of the hypothalamus; yet,
synaptic density is about three time larger (Aalders and Meek, 1993).
We have recently provided a three-dimensional reconstruction of this
area in rats, and characterized it neurochemically (Hrabovszky et al.,
2005).

There are two reasons to believe that NK1 receptor-expressing
neurons of the hypothalamic attack area play important roles in
mediating the effects of NK1 blockers: (i) these blockers selectively
inhibited attacks, without affecting other forms of aggression (Halasz
et al., 2008), (ii) substance P-ergic fibers originating from the medial
amygdala innervate attack-related hypothalamic structures, and
significantly contribute to the expression of attacks (Shaikh et al.,
1993; Siegel et al., 1999; Yao et al., 2001).

The role of NK1 receptor-expressing neurons was studied here by
means of saporin-conjugated substance P (SP-sap) that was infused
locally into the hypothalamic attack area. Saporin is a ribosome
inactivating protein from Saponaria officinalis. When conjugated with
neuropeptides, it can be used to selectively lesion neuron populations
that express the receptors of these. The local infusion of SP-sap results
in the specific lesioning of neurons that express NK receptors, while
other cells remain unaffected (Mantyh et al., 1997; Wiley and Lappi,
1997; Wiley and Kline, 2000; Suzuki et al., 2002; McKay et al., 2005).
The hypothalamus expresses both the NK1 and NK3 receptors the
latter being densely expressed in various regions, including the
paraventricular, arcuate, and perifornical nuclei (Tsuchida et al., 1990;
Yip and Chahl, 2001; Saffroy et al., 2003). A close inspection of
published photomicrographs shows that the hypothalamic attack area
does not express NK3 receptors (Langlois et al., 2001; Krajewski et al.,
2005; Burke et al., 2006). Yet, the issue was not studied specifically.

In the present experiments, we (i) investigated the distribution of
tachykinin NK1 and NK3 receptors in the area surrounding the
hypothalamic attack area; (ii) locally infused SP-sap into this brain
area to lesion tachykinin receptor-expressing neurons, and (iii)
evaluated the effects of the lesion in the resident/intruder test of
aggression. The efficacy, cell type and spatial specificity of SP-sap
lesions were checked. The hypothalamic attack area is highly
interconnected with brain nuclei that control anxiety e.g. the
prefrontal cortex, amygdala, and aminergic nuclei (Roeling et al.,
1994; Delville et al., 2000; Petrovich et al., 2001; Hur and Zaborszky,
2005). Therefore, we also investigated the effects of the lesions in the
elevated plus-maze test of anxiety.
2. Materials and methods

2.1. Animals

Subjects were 2–3 months old male Wistar rats (Charles River
Laboratories; Hungary) weighing 400–450 g. Groups of 4 rats were
housed before experimentation in 1354G Eurostandard Type 4 cages
(59.5×38×22 cm). After surgery, they were transferred to individual
cages of 60×40×50 cm. Cage walls were opaque except for the front
wall, which was transparent. Standard laboratory rat food (Charles
River Laboratories, Hungary) and tap water were available ad libitum,
while temperature and relative humidity were kept at 22±2 °C and
60±10%, respectively. Rats were maintained in a reversed light/dark
cycle of 12 h with lights off at 10:00 h. Acclimatization to the day/
night schedule lasted 2 weeks.

Male Wistar rats weighing approximately 300 g were used as
opponents in aggressive encounters. These rats were group housed
but otherwisemaintained under similar conditions. Each intruder was
used only once.
Experiments were carried out in accordance with the European
Communities Council Directive of 24 November 1986 (86/609/EEC)
andwere reviewed and approved by the AnimalWelfare Committee of
the Institute of Experimental Medicine.

2.2. Experimental design

Experiment 1 investigated the distribution of tachykinin NK1 and
NK3 receptors in the hypothalamic attack area. We performed this
experiment to evaluate the involvement of neurons bearing these
receptors in mediating the effects of SP-sap lesions studied in
Experiment 2. Earlier experiments suggested that the hypothalamic
attack area expresses NK1 but not NK3 receptors (Langlois et al., 2001;
Krajewski et al., 2005; Burke et al., 2006; Halasz et al., 2008). Yet, this
brain area has never been directly investigated in this respect. We
stained in 8 rats hypothalamic sections anterior to, coincident with, or
posterior to the hypothalamic attack area for either the NK1 (N=4) or
the NK3 receptor (N=4).

In Experiment 2, the hypothalamic attack area of rats was bilaterally
infused with either vehicle or SP-sap. After 1 week recovery, rats were
submitted to the resident/intruder test in the early hours of the dark
period. Behavior was video recorded through the transparent front
wall of the cage and was later analyzed bymeans of a computer-based
event recorder by an experimenter blind to the treatments. One week
later, rats were studied in the elevated plus-maze test in the early
hours of the dark phase. Behavior was video recorded by an
experimenter blind to the treatments. The order of testing was
randomized in both tests. After the completion of the experiments, the
efficacy and selectivity of SP-sap treatments was assessed by
immunocytochemical methods. In particular, we stained the hypotha-
lamic attack area for both the NK1 receptors and the neuronal marker
NeuN (Wolf et al., 1996) to evaluate the efficacy and specificity SP-sap
lesions, respectively. The spatial extension of the lesions was
evaluated by staining NK1 receptors in the lateral hypothalamic area,
a brain structure adjacent to the hypothalamic attack area, which
contains a significant population of NK1-positive neurons.

Rats showing extensive reductions in NeuN staining — i.e.
extensive non-specific neuronal damage — were excluded from the
analysis. The resulting sample sizewas 10 for controls and 6 for the SP-
sap-lesioned rats.

2.3. Brain surgery

Rats were anaesthetized with a mixture of ketamine, xylazine, and
promethazine (50–10–5 mg/kg i.p.), and their hypothalamic attack
area was bilaterally infused with 6.25 ng SP-sap dissolved in 0.5 μl
saline. Controls received 0.5 μl saline. The coordinates of the infusions
were as follows: antero-posterior from Bregma: −2.3 mm, dorso-
ventral from dura: 9.8 mm,medio-lateral from Bregma: 1.3 mm. These
coordinates were based on the atlas of Paxinos and Watson (1998).
The infusions were administered via fused-silica capillaries (outer
diameter: 100 μm), and lasted 3min. The capillaries were kept in place
for 2 min after the completion of the infusion.

Dose-choice was based on preliminary experiments in which 2.5,
3.75 or 6.25 ng SP-sap was infused into the hypothalamic attack area
of rats. We evaluated the extent of the lesion by NK1 receptor
immunocytochemistry. With the largest dose (6.25 ng) the radius of
the lesion was 450 μm, which approximated the size of the
hypothalamic attack area well (Hrabovszky et al., 2005).

2.4. Resident/intruder test

Subjects were faced with smaller opponents for 20 min in their
home-cage. The encounter was performed under dim red illumination
that was provided by two 25 W red lamps. Behavior was video
recorded and scored later by an experimenter blind to the treatments,
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by means of a computer-based event recorder (H77, Budapest,
Hungary). The duration of the following behavioral variables was
recorded: resting (no obvious actions), exploration (walking and/or
sniffing directed towards the environment), social investigation
(sniffing directed towards the opponent's flank, nasal or anogenital
region), self care (self-grooming with forepaws and scratching with
hind legs), offense (aggressive grooming, lateral threat, offensive
upright posture, mounting and chasing taken together), defense
(defensive upright, defensive kick, fleeing and freezing taken
together), dominant posture (keeping down the opponent while he
is laying on his back), subordinate posture (laying on back while kept
down by the opponent). We mention that submissionwas very low in
subjects and the few cases when it occurred were when the resident
lost balance due to a push from the intruder.

Attack episodes were analyzed in detail at low speed (frame-by-
frame when necessary) for identifying the type of attacks. An attack
was identified as hard bite when it involved kicking (clinch fights) or
induced a strong startle response in the intruder (large jumps or
immediate submission). Soft bites were not associated with kicking
and induced no response or mild quivering only. Similar approaches
were employed earlier (Lammers et al., 1988; Ogawa et al., 2000;
Halasz et al., 2008).
Fig. 1. The distribution of NK1 receptors in the basal hypothalamus. The whole area wa
superimposed over the microscopic image delineates the hypothalamic attack area. Its locat
1988). The cells of the grid represent areas fromwhich attacks could be elicited with 80% reli
region (Hrabovszky et al., 2005). Fx, fornix; LH, lac; Ot, optic tract.
2.5. The elevated plus-maze test

The apparatus was made of dark grey painted wood (arm length
50 cm, arm width 17 cm, wall height 30 cm and platform height
80 cm). The plus-maze was illuminated by a red lamp of 40W (∼1 lx).
Subjects were placed in the central area of the apparatus with head
facing a closed arm. Exposure lasted 5 min. Closed-arm entries were
considered indicators of locomotor activity whereas open arm
exploration was used as a measure of anxiety (Pellow et al., 1985).
Open arm explorationwas characterized by two variables: percentage
time spent in the open arm, and percentage open arm entries
(100×open arm entries/total arm entries). In addition to these
‘classical’ measures, we analyzed risk assessment behaviors (stretch
attend posture and head dipping), which are considered to be
ethological measures of anxiety in the elevated plus-maze (Cole and
Rodgers, 1993; Rodgers and Dalvi, 1997). Stretch attend posture was
defined as exploratory posture inwhich the body is stretched forward
and then retracted to the original position without any forward
locomotion. Head dipping consisted of exploratory movements of
head/shoulders over the side of the maze. Head dipping and stretch
attend postures were further differentiated as a function of their
occurrence in different parts of the maze. Thus, the closed arms and
s shown for rat #1, whereas the relevant region was shown for rats #2–4. The grid
ion and shape was established earlier by the use of movable electrodes (Lammers et al.,
ability. The same data set was used earlier for a three-dimensional reconstruction of the
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centre platform were together designated as “protected” areas (i.e.,
offering relative security), and “percent protected” scores for head
dipping and stretched attend posture were calculated as the
percentage of these behaviors displayed in or from the protected
areas (e.g., % protected stretched attend posture=(protected
stretched attend posture/total stretched attend posture)×100).
Decreased anxiety is indicated by a decrease in % protected stretched
attend posture and % protected head dipping (Cole and Rodgers, 1993;
Rodgers and Dalvi, 1997).

2.6. Immunocytochemistry and histological analysis

2.6.1. Brain processing
Animals were anesthetized with sodium pentobarbital (Nembutal,

Sanofi, 50 mg/kg, i.p.) and perfused through the ascending aorta with
150 ml ice-cold 0.1 M phosphate-buffered saline followed by 300 ml
4% paraformaldehyde (in 0.1M phosphate-buffered saline). The brains
were removed, post-fixed in the same solution for 3 h and
cryoprotected overnight by 20% sucrose in phosphate-buffered saline
at 4 °C. Six series of 30 μm frozen sections were cut in the frontal plane
on a slidingmicrotome. Section planeswere standardized according to
the atlas of Paxinos and Watson (Paxinos and Watson, 1998).

Immunocytochemical analysis was performed at Bregma
−2.56 mm, i.e. at the widest extension of the hypothalamic attack
Fig. 2. The distribution of NK3 staining. Left hand panels show the whole area for rat #1, and
delimited by the grid that was superimposed over the photomicrographs (see the legend of F
the arcuate nucleus and the fornix at levels −2.12, −2.56, and −3.14 from Bregma. Fx, for
area (Hrabovszky et al., 2005). Due to interferences between NK1 and
NeuN staining, these were performed on different but adjacent
sections.

Tachykinin NK1-positive neurons were labeled as described earlier
(Halasz et al., 2008). Briefly, the sections were labeled with specific
rabbit polyclonal antibodies raised against a 23 amino acid synthetic
peptide corresponding to the C-terminus (amino acids 385–407) of
the rat NK1/substance P receptor (1:5000, AB 5060, Chemicon,
Temecula, California, US). The primary antibodies were detected by
biotinylated donkey anti-rabbit IgG (1:1000) and streptavidin
conjugated HRP (1:1000) (Jackson Laboratories, Bar Harbor, Maine,
USA). The peroxidase reaction was developed in the presence of
diaminobenzidine tetrahydrochloride (0.5 mg/ml), and hydrogen
peroxide (0.005%) dissolved in Tris buffer (pH=7.6). NK1 labelingwas
evaluated in both the hypothalamic attack area and the lateral
hypothalamic area, two adjacent structures that contain significant
populations of NK1 positive neurons.

Single labeling of NK3 positive neurons was performed as described
in Mileusnic et al. (1999). The method was slightly modified as
described by Halasz et al. (2008). Briefly, the sections were labeled
with specific rabbit polyclonal antibodies raised against internal
sequence of amino acids of the proNKB protein (1:4000, NB300-201,
Novus Biologicals). The primary antibodies were detected by
biotinylated donkey anti-rabbit IgG (1:1000; Jackson Laboratories,
the region containing the hypothalamic attack area for rats #2–4. This brain regionwas
ig. 1 for further details). The right hand panels show representative photomicrographs of
nix; LH, lateral hypothalamus; Ot, optic tract; Arc, arcuate nucleus.
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USA) and Vectastain Elite ABC system. The peroxidase reaction was
developed in the presence of diaminobenzidine tetrahydrochloride
(0.5 mg/ml), nickel–ammonium sulphate (0.1%) and hydrogen
peroxide (0.005%) dissolved in Tris buffer (pH=7.6).

The neuronal marker NeuN was labeled with a mouse monoclonal
anti-NeuN antibody (1:3000, MAB 377, Chemicon, US). The primary
antibodies were detected by biotinylated anti-mouse donkey antibody
(1:1000) and streptavidin conjugated HRP (1:1000) (Jackson Labora-
tories). The peroxidase reaction was developed in the presence of
diaminobenzidine tetrahydrochloride (0.2 mg/ml), nickel–ammo-
nium sulphate (0.1%), and hydrogen peroxide (0.003%) dissolved in
Tris buffer.

2.6.2. Quantification of staining
The neurons labeled for tachykinin NK1 receptors and the NeuN

protein were clearly separable from the background, even the distal
dendrites being identifiable with NK1 staining. NK1 receptor-expres-
sing cells were counted by an investigator blind to treatments. Counts
were made by viewing sections under a microscope at 500 fold
magnification. NeuN protein expressing cells were counted at 250×
magnification. Microscopic images were digitized by an Olympus
DP70 camera and the number of positive profiles was counted by
means of the ImageJ 1.34s (NIH, USA) software. Uniform thresholds
were used and the minimum size of positive profiles was set at
25 pixels. The size of the scanned area was 0.318 mm2 for both the
hypothalamic attack area and the lateral hypothalamus (Halasz et al.,
2002, 2008) and for both the NK1 and NeuN labeling. Cells were
counted bilaterally in two sections 180 μm apart.

2.7. Statistics

Datawere shown as means±S.E.M. Behavioral data were analyzed
by Kruskal–Wallis ANOVA followed by Mann–Whitney post-hoc
Fig. 3. The location of SP-sap infusions and representative photomicrographs showing NK1
substance P (SP-sap) was infused into the hypothalamic attack area; B, NK1 staining in con
comparisons. Immunocytochemical data were analyzed by ANOVA
followed by Newman–Keuls post-hoc comparisons. The level of
significance was set at Pb0.05.

3. Results

3.1. Experiment 1

The tachykinin NK1 receptor was strongly expressed in the hypotha-
lamic attack area, and the lateral hypothalamus (Fig. 1). The antibody
labeled both cell bodies and a rich network of dendrites. Labelingwas not
uniform as strongly labeled clusters of stainingwere noticed on both cell
bodies and dendrites (also see Fig. 3 for a higher magnification).

The NK3 receptor was strongly expressed in the arcuate nucleus
(Fig. 2). Staining was moderate anterior to, and at the level of, the
hypothalamic attack area and strong inmore posterior regions. Aswith
the NK1 receptor, strongly labeled clusters were seen on both the cell
bodies and dendrites. No specific NK3 staining was present in the
hypothalamic attack area. The region surrounding the fornix was also
devoid of staining. It occurs that the distribution of NK1 and NK3

receptors shows little overlap in the hypothalamic region investigated,
the hypothalamic attack area showing strongNK1 but not NK3 staining.

3.2. Experiment 2

The location of infusion sites and representative photomicrographs
of NK1 staining were shown in Fig. 3. Tachykinin NK1 receptors were
uniformly dispersed throughout the hypothalamic attack area. Besides
cell bodies, the dendrites also expressed NK1 receptors, and formed a
rich network within the area. Surprisingly, the number of NK1 neurons
was small, as only about 4% of hypothalamic attack area neurons
expressed this receptor (total cell counts in controls was around 1550,
staining. A, the placement of the tips of capillaries through which saporin-conjugated
trols; C, NK1 staining in SP-sap lesioned rats.



Fig. 4. The effects of SP-sap treatments on neuron counts (NeuN staining; A), NK1 staining (B), attack counts (C), and the duration of other behaviors shown in the resident–intruder
test (D). HAA, hypothalamic attack area; LH, lateral hypothalamus; EXP, exploration; RES, resting; SOC, social interactions; GRO, grooming; OFF, offense; DOM, dominant posture;
DEF, defense; SUB, submissive posture; +, marginally significant difference from control (0.1NPN0.05); ⁎, significantly different from control (Pb0.01 at least).
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whereas the number of NK1-stained cell bodies was around 55)
(Fig. 4A,B).

In the rats considered in this analysis, SP-sap treatment did not
affect total cell counts in the hypothalamic attack area (F(1,14)=1,34;
Fig. 5. The effects of SP-sap lesions on classical (A) and ethological (B) anxiety-related
variables in the plus-maze. ARMe, total arm entries; %tOP, the duration of open arm
visits expressed as % time; %OPe, % open entries (open arm entries/total arm
entries⁎100); %pSAP, percent protected stretch attend posture; %pHD, percent
protected head dipping; frequency, %pSAP and %pHD calculated for frequency; duration,
%pSAP and %pHD calculated for duration (% time); ⁎, significantly different from control.
PN0.3) (Fig. 4A). In contrast, NK1 staining was markedly reduced
(F(1,14)=32.31; Pb0.0001) (Fig. 4B). In the neighboring lateral
hypothalamus, NK1 staining remained unaffected (F(1,14)=0.2;
PN0.9) (Fig. 4B).

SP-sap lesions markedly reduced the frequency of hard attacks
(H(1,14)=4.63; Pb0.03) without affecting the frequency of soft
bites (H(1,14)=1.60; PN0.3) (Fig. 3C). The total frequency of biting
attacks was marginally reduced (H(1,14)=3.46; Pb0.06). Other
behaviors showed non-significant variations (H(1,14 values were
between 0.1 and 2,83, the corresponding P values being between
0.09 and 0.15) (Fig. 4D).

In the elevated plus-maze test, total arm entries were similar in the
control and SP-sap lesioned rats (Fig. 5A). In contrast, open arm
explorationwasmarkedly increased by the lesion (%time in open arm:
(H1,14)=4.86; Pb0.03; % open arm entries: H(1,14)=3.85; Pb0.05).
Changes in protected head dipping were consistent with this finding,
as this behavior decreased significantly (frequency: H(1,13)=4.34;
Pb0.04; duration: H(1,13)=5.41; Pb0.02) (Fig. 5B). Stretch attend
posture showed similar changes, but differences were not significant
due to larger variation.

4. Discussion

4.1. Main findings

NK3 receptors were strongly expressed in the arcuate nucleus but
not in other regions. In contrast, NK1 staining was strong in the
hypothalamic attack area and the lateral hypothalamus. These
findings confirm earlier studies on the hypothalamic distribution of
tachykinin NK1 and NK3 receptors as reported in various species
including rats, guinea-pigs, gerbils and humans (Tsuchida et al., 1990;
Mileusnic et al., 1999; Langlois et al., 2001; Yip and Chahl, 2001;
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Saffroy et al., 2003; Krajewski et al., 2005; Burke et al., 2006). The
perifornical region (notably the perifornical nucleus) has been
reported to express NK3 receptors; however, this was seen in regions
posterior to those investigated here.

In the hypothalamic attack area, SP-sap lesions markedly reduced
NK1 staining, without affecting NeuN staining. NK1 staining remained
unaffected in the lateral hypothalamus, a structure adjacent to the
hypothalamic attack area. Thus, SP-sap treatments specifically lesioned
NK1 receptor-expressing neurons in the hypothalamic attack area.

The lesions dramatically reduced the frequency of hard bites,
without affecting the frequency of soft bites. Other behavioral
variables remained unchanged as well. Taken together, these findings
suggest that the specific lesioning of NK1 receptor-expressing neurons
of the hypothalamic attack area markedly and specifically inhibits
violent forms of attack in rats.

Surprisingly, SP-sap lesioned rats also showed a marked reduction
of anxiety-like behavior in the elevated plus-maze, suggesting that
NK1-receptor-expressing neurons of the hypothalamic attack area are
involved in the control of both violent attacks and anxiety.

4.2. Tachykinin NK1 receptors in the hypothalamic attack area and
aggression

The hypothalamic attack area is tightly and uniquely involved in
the execution of attacks. Electrical stimuli, glutamate agonists and
GABA antagonists delivered to this brain site rapidly elicited biting
attacks in animals that did not show aggression under the experi-
mental conditions employed (Adams et al., 1993; Haller et al., 1998;
Kruk, 1991; Roeling et al., 1993). The role of the hypothalamic attack
area appears crucial as attacks cannot be elicited by stimulation from
any other brain region of the rat (Kruk, 1991; Siegel et al., 1999).
Although the neurochemical identity of hypothalamic attack area
neurons is known (Hrabovszky et al., 2005), the precise mechanisms
regulating attack behavior are still poorly understood.

Disparate earlier observations suggested that substance P and NK1

receptors are involved in the control of attacks. It was shown that
substance P-ergic fibers connecting the medial amygdala and attack-
related hypothalamic structures play important roles in feline
affective aggression (Shaikh et al., 1993; Yao et al., 2001). In addition,
NK1 knockout mice showed dramatically reduced attack counts as
comparedwith wild types (De Felipe et al., 1998; Rupniak et al., 2001).
We have recently shown that resident–intruder conflicts strongly
activate NK1 receptor-expressing neurons in the hypothalamic attack
area of rats, and systemic NK1 blockade substantially reduces the
frequency of violent attacks (Halasz et al., 2008). Taken together, these
earlier observations show that tachykinin NK1 receptors are involved
in the execution of attacks, and suggest that those present in the
hypothalamic attack area may be especially important in this respect.

Here we found that the number of NK1 receptor-expressing neurons
in the hypothalamic attack area is low, but such neurons are dispersed
throughout the whole area, and show an extensive network of NK1

receptor-expressingdendrites.Despite their small number, theseneurons
appear crucial for the execution of attacks. Interestingly, however, the
destructionofNK1neurons— similar to systemicNK1blockade— affected
hard bites only, i.e. the most violent forms attack. As the number of soft
bites was not changed by the lesion, these findings suggest thatmild and
violent forms of attacks are differentially controlled by the hypothalamic
attack area. We suggest here that the differential regulation of mild and
violent forms of aggressionoffers the possibility of specifically controlling
violent attacks, and renders NK1 antagonism a promising new approach
to the treatment of excessive aggressiveness.

4.3. TachykininNK1 receptors in the hypothalamic attack area and anxiety

Despite some discouraging human trials, NK1 receptors are still
considered important targets for the development of novel anti-
depressants and anxiolytics (McLean, 2005; Chahl, 2006; Czeh et al.,
2006; Alvaro and Di Fabio, 2007). In laboratory animals, NK1 blockade
decreased anxiety in a variety of tests (File, 2000; Rupniak et al., 2001;
Santarelli et al., 2001; Bilkei-Gorzo et al., 2002). Similar results were
obtained with local treatments. NK1 receptor blockers decreased
anxiety when infused into the dorsal periaqueductal grey, lateral
septum andmedial amygdala (Aguiar and Brandao,1996; Gavioli et al.,
1999, 2002; De Araujo et al., 2001; Ebner et al., 2004). Here we show
that a strong anxiolytic effect develops also when the NK1 receptor-
expressing neurons of the hypothalamic attack area are specifically
lesioned. However, the hypothalamic attack area has not been
implicated in anxiety earlier. Therefore, the strong anxiolytic effect
of SP-sap lesions in this region is rather surprising. It is worth to
mention, however, that the neurons of this region — the majority of
which are glutamatergic; Hrabovszky et al., 2005) — send projections
to a large number of brain centers, including those involved in the
control of anxiety, e.g. the prefrontal cortex, amygdala, and aminergic
nuclei (Roeling et al., 1994; Delville et al., 2000; Petrovich et al., 2001;
Hur and Zaborszky, 2005). The strong anxiolytic effects noticed here
were likely mediated by these connections.

It was reported earlier that anxiety and aggressiveness are
positively correlated, i.e. high aggressiveness is associated with high
anxiety, whereas low aggressiveness with low anxiety (humans: Eaves
et al., 2004; Broman-Fulks et al., 2007; mice: Kikusui et al., 2004;
Matsumoto et al., 2005; rats: Veenema et al., 2006). In line with these
earlier findings, SP-sap lesions reduced both anxiety and aggression,
suggesting that NK1 neurotransmission increases both. Although the
nature of this interaction needs further scrutiny (see Veenema and
Neumann, 2007; Brunelli and Hofer, 2007), the present findings raise
the possibility of a coordinated control of attacks and anxiety from the
hypothalamic attack area.

The elevated plus-maze test was performed after testing the same
animals for aggression 1 week earlier, which may be considered a
limitation of the study. Indeed, a subset of behavioral paradigms was
shown to be sensitive to the testing history of experimental subjects
(McIlwain et al., 2001). Unfortunately, the elevated plus-maze test
was not investigated in this respect. We note, however, that test
batteries (i.e. tests performed in a fixed order in the same animals)
often include the elevated plus-maze test (Stepanichev et al., 2006;
Karl et al., 2008; Kalueff et al., 2007). In such studies, the interval
between the various tests is usually much shorter than the one
employed here. In addition, our subjects faced intruders of smaller
size that did not retaliate, i.e. the subjects were not likely to be
seriously affected by the aggressive encounter. Based on the above, we
suggest that the resident–intruder test had no significant impact on
the results of the plus-maze test that was performed 1 week later.
4.4. Concluding remarks

The hypothalamic attack area specifically expresses the NK1 type of
tachykinin receptors. Local SP-sap infusions dramatically and speci-
fically reduced the number of NK1 receptor-expressing neurons in the
hypothalamic attack area. The lesion was both neurochemically and
spatially specific as total cell counts showed minimal changes, and
NK1 staining was not affected in the neighboring lateral hypothala-
mus. The lesion dramatically reduced hard bites in resident–intruder
conflicts without affecting other forms of aggression. The lesion also
reduced anxiety-like behavior in the elevated plus-maze. The present
findings confirm earlier reports on the involvement of NK1 neuro-
transmission in the control of violent attacks, and identify the
hypothalamic attack area as a mediator of this effect. The findings
also suggest that violent and other forms of attack are differentially
controlled, and raise the possibility of a coordinated control of violent
attacks and anxiety by NK1 receptor-expressing neurons of the
hypothalamic attack area.



42 J. Halasz et al. / European Journal of Pharmacology 611 (2009) 35–43
Acknowledgements

This work was supported by OTKA grants (F048467, T 046785) and
a Harry Frank Guggenheim foundation to J. Haller.

References

Aalders, T.T., Meek, J., 1993. The hypothalamic aggression region of the rat: observations
on the synaptic organization. Brain Res. Bull. 31, 229–232.

Adams, D.B., Boudreau, W., Kokonowski, C., Oberteuffer, K., Yohay, K., 1993. Offense
produced by chemical stimulation of the anterior hypothalamus of the rat. Physiol.
Behav. 53, 1127–1132.

Aguiar, M.S., Brandao, M.L., 1996. Effects of microinjections of the neuropeptide
substance P in the dorsal periaqueductal gray on the behaviour of rats in the plus-
maze test. Physiol. Behav. 60, 1183–1186.

Alvaro, G., Di Fabio, R., 2007. Neurokinin 1 receptor antagonists—current prospects.
Curr. Opin. Drug Discov. Dev. 10, 613–621.

Bilkei-Gorzo, A., Racz, I., Michel, K., Zimmer, A., 2002. Diminished anxiety- and
depression-related behaviors in mice with selective deletion of the Tac1 gene.
J. Neurosci. 22, 10,046–10,052.

Broman-Fulks, J.J., McCloskey, M.S., Berman, M.E., 2007. Anxiety sensitivity and
retaliatory aggressive behavior in research volunteers. Aggress. Behav. 33, 137–144.

Brunelli, S.A., Hofer, M.A., 2007. Selective breeding for infant rat separation-induced
ultrasonic vocalizations: developmental precursors of passive and active coping
styles. Behav. Brain Res. 182, 193–207.

Burke, M.C., Letts, P.A., Krajewski, S.J., Rance, N.E., 2006. Coexpression of dynorphin and
neurokinin B immunoreactivity in the rat hypothalamus: morphologic evidence of
interrelated function within the arcuate nucleus. J. Comp. Neurol. 498, 712–726.

Chahl, L.A., 2006. Tachykinins and neuropsychiatric disorders. Curr. Drug Targets 7,
993–1003.

Cole, J.C., Rodgers, R.J., 1993. An ethological analysis of the effects of chlordiazepoxide
and bretazenil (Ro 16-6028) in the murine elevated plus-maze. Behav. Pharmacol.
4, 573–580.

Czeh, B., Fuchs, E., Simon, M., 2006. NK1 receptor antagonists under investigation for
the treatment of affective disorders. Expert Opin. Investig. Drugs 15, 479–486.

De Araujo, J.E., Huston, J.P., Brandao, M.L., 2001. Opposite effects of substance P
fragments C (anxiogenic) and N (anxiolytic) injected into dorsal periaqueductal
gray. Eur. J. Pharmacol. 432, 43–51.

De Felipe, C., Herrero, J.F., O'Brien, J.A., Palmer, J.A., Doyle, C.A., Smith, A.J., 1998. Altered
nociception, analgesia and aggression in mice lacking the receptor for substance P.
Nature 392, 394–397.

Delville, Y., De Vries, G.J., Ferris, C.F., 2000. Neural connections of the anterior
hypothalamus and agonistic behavior in golden hamsters. Brain Behav. Evol. 55,
53–76.

Eaves, R.C., Darch, C., Williams Jr., T.O., 2004. Attention to novelty, fear–anxiety, and age:
their effects on conduct problems. J. Genet. Psychol. 165, 425–449.

Ebner, K., Rupniak, N.M., Saria, A., Singewald, N., 2004. Substance P in the medial
amygdala: emotional stress-sensitive release and modulation of anxiety-related
behavior in rats. Proc. Natl. Acad. Sci. U. S. A. 101, 4280–4285.

File, S.E., 2000. NKP608, an NK1 receptor antagonist, has an anxiolytic action in the
social interaction test in rats. Psychopharmacology 152, 105–109.

Gavioli, E.C., Canteras, N.S., De Lima, T.C., 1999. Anxiogenic-like effect induced by
substance P injected into the lateral septal nucleus. NeuroReport 10, 3399–3403.

Gavioli, E.C., Canteras, N.S., De Lima, T.C., 2002. The role of lateral septal NK1 receptors in
mediating anxiogenic effects induced by intracerebroventricular injection of
substance P. Behav. Brain Res. 134, 411–415.

Geeraedts, L.M., Nieuwenhuys, R., Veening, J.G., 1990. Medial forebrain bundle of the
rat: III. Cytoarchitecture of the rostral (telencephalic) part of the medial forebrain
bundle bed nucleus. J. Comp. Neurol. 294, 507–536.

Halasz, J., Liposits, Z., Kruk, M.R., Haller, J., 2002. Neural background of glucocorticoid
dysfunction-induced abnormal aggression in rats: involvement of fear- and stress-
related structures. Eur. J. Neurosci. 15, 561–569.

Halasz, J., Toth, M., Mikics, E., Hrabovszky, E., Barsy, B., Barsvari, B., 2008. The effect of
neurokinin1 receptor blockade on territorial aggression and in a model of violent
aggression. Biol. Psychiatry 63, 271–278.

Haller, J., Kruk, M.R., 2006. Normal and abnormal aggression: human disorders and
novel laboratory models. Neurosci. Biobehav. Rev. 30, 292–303.

Haller, J., Abraham, I., Zelena, D., Juhasz, G., Makara, G.B., Kruk, M.R., 1998. Aggressive
experience affects the sensitivity of neurons towards pharmacological treatment in
the hypothalamic attack area. Behav. Pharmacol. 9, 1469–1475.

Hess, W.R., 1928. Stammganglien-Reizversuche. Berichte der gesamten. Physiologie 42,
554–555.

Hrabovszky, E., Halasz, J., Meelis, W., Kruk, M.R., Liposits, Z., Haller, J., 2005.
Neurochemical characterization of hypothalamic neurons involved in attack
behavior: glutamatergic dominance and co-expression of thyrotropin-releasing
hormone in a subset of glutamatergic neurons. Neuroscience 133, 657–666.

Hur, E.E., Zaborszky, L., 2005. Vglut2 afferents to the medial prefrontal and primary
somatosensory cortices: a combined retrograde tracing in situ hybridization study.
J. Comp. Neurol. 483, 351–373.

Kalueff, A.V., Keisala, T., Minasyan, A., Tuohimaa, P., 2007. Influence of paternal
genotypes on F1 behaviors: lessons from several mouse strains. Behav. Brain Res.
177, 45–50.

Karl, T., Duffy, L., Herzog, H., 2008. Behavioural profile of a new mouse model for NPY
deficiency. Eur. J. Neurosci. 28, 173–180.
Kikusui, T., Takeuchi, Y., Mori, Y., 2004. Early weaning induces anxiety and aggression in
adult mice. Physiol. Behav. 81, 37–42.

Krajewski, S.J., Anderson, M.J., Iles-Shih, L., Chen, K.J., Urbanski, H.F., Rance, N.E., 2005.
Morphologic evidence that neurokinin B modulates gonadotropin-releasing
hormone secretion via neurokinin 3 receptors in the rat median eminence.
J. Comp. Neurol. 489, 372–386.

Kramer, M.S., Cutler, N., Feighner, J., Shrivastava, R., Carman, J., Sramek, J.J., 1998. Distinct
mechanism for antidepressant activity by blockade of central substance P receptors.
Science 281, 1640–1645.

Kruk, M.R., 1991. Ethology and pharmacology of hypothalamic aggression in the rat.
Neurosci. Biobehav. Rev. 15, 527–538.

Lammers, J.H., Kruk, M.R., Meelis, W., van der Poel, A.M., 1988. Hypothalamic substrates
for brain stimulation-induced attack, teeth-chattering and social grooming in the
rat. Brain Res. 449, 311–327.

Langlois, X., Wintmolders, C., te Riele, P., Leysen, J.E., Jurzak, M., 2001. Detailed
distribution of Neurokinin 3 receptors in the rat, guinea pig and gerbil brain: a
comparative autoradiographic study. Neuropharmacology 40, 242–253.

Mantyh, P.W., Rogers, S.D., Honore, P., Allen, B.J., Ghilardi, J.R., Li, J., 1997. Inhibition of
hyperalgesia by ablation of lamina I spinal neurons expressing the substance P
receptor. Science 278, 275–279.

Matsumoto, K., Pinna, G., Puia, G., Guidotti, A., Costa, E., 2005. Social isolation stress-
induced aggression in mice: a model to study the pharmacology of neuroster-
oidogenesis. Stress 8, 85–93.

McIlwain, K.L., Merriweather, M.Y., Yuva-Paylor, L.A., Paylor, R., 2001. The use of
behavioral test batteries: effects of training history. Physiol. Behav. 73, 705–717.

McKay, L.C., Janczewski, W.A., Feldman, J.L., 2005. Sleep-disordered breathing after
targeted ablation of preBotzinger complex neurons. Nat. Neurosci. 8, 1142–1144.

McLean, S., 2005. Do substance P and the NK1 receptor have a role in depression and
anxiety? Curr. Pharm. Des. 11, 1529–1547.

Mileusnic, D., Lee, J.M., Magnuson, D.J., Hejna, M.J., Krause, J.E., Lorens, J.B., Lorens, S.A.,
1999. Neurokinin-3 receptor distribution in rat and human brain: an immunohis-
tochemical study. Neuroscience 89, 1269–1290.

Ogawa, S., Chester, A.E., Hewitt, S.C., Walker, V.R., Gustafsson, J.A., Smithies, O., 2000.
Abolition of male sexual behaviors in mice lacking estrogen receptors alpha and
beta (alpha beta ERKO). Proc. Natl. Acad. Sci. U. S. A. 97, 14,737–14,741.

Paxinos, G., Watson, C., 1998. The Rat Brain in Stereotaxic Coordinates, fourth ed.
Academic Press, San Diego.

Pellow, S., Chopin, P., File, S.E., Briley, M., 1985. Validation of open:closed arm entries in
an elevated plus-maze as a measure of anxiety in the rat. J. Neurosci. Methods 14,
149–167.

Petrovich, G.D., Canteras, N.S., Swanson, L.W., 2001. Combinatorial amygdalar inputs to
hippocampal domains and hypothalamic behavior systems. Brain Res. Brain Res.
Rev. 38, 247–289.

Rigby, M., O'Donnell, R., Rupniak, N.M., 2005. Species differences in tachykinin receptor
distribution: further evidence that the substance P (NK1) receptor predominates in
human brain. J. Comp. Neurol. 490, 335–353.

Rodgers, R.J., Dalvi, A., 1997. Anxiety, defence and the elevated plus-maze. Neurosci.
Biobehav. Rev. 21, 801–810.

Roeling, T.A.P., Kruk, M.R., Schuurmans, R., Veening, J.G., 1993. Behavioural responses of
bicuculline methiodide into the ventral hypothalamus in freely moving socially
interacting rats. Brain Res. 615, 121–127.

Roeling, T.A., Veening, J.G., Kruk, M.R., Peters, J.P., Vermelis, M.E., Nieuwenhuys, R., 1994.
Efferent connections of the hypothalamic “aggression area” in the rat. Neuroscience
59, 1001–1024.

Rupniak, N.M., Carlson, E.J., Webb, J.K., Harrison, T., Porsolt, R.D., Roux, S., 2001.
Comparison of the phenotype of NK1R−/−micewith pharmacological blockade of
the substance P (NK1) receptor in assays for antidepressant and anxiolytic drugs.
Behav. Pharmacol. 12, 497–508.

Saffroy, M., Torrens, Y., Glowinski, J., Beaujouan, J.C., 2003. Autoradiographic distribu-
tion of tachykinin NK2 binding sites in the rat brain: comparisonwith NK1 and NK3
binding sites. Neuroscience 116, 761–773.

Sano, K., Yoshioka, M., Ogashiwa, M., Ishijima, B., Ohye, C., 1966. Postero-medial
hypothalamotomy in the treatment of aggressive behaviors. Confin. Neurol. 27,
164–167.

Santarelli, L., Gobbi, G., Debs, P.C., Sibille, E.T., Blier, P., Hen, R., 2001. Genetic and
pharmacological disruption of neurokinin 1 receptor function decreases anxiety-
related behaviors and increases serotonergic function. Proc. Natl. Acad. Sci. U. S. A.
98, 1912–1917.

Santarelli, L., Gobbi, G., Blier, P., Hen, R., 2002. Behavioral and physiologic effects of
genetic or pharmacologic inactivation of the substance P receptor (NK1). J. Clin.
Psychiatry 63 (Suppl 11), 11–17.

Shaikh, M.B., Steinberg, A., Siegel, A., 1993. Evidence that substance P is utilized in
medial amygdaloid facilitation of defensive rage behavior in the cat. Brain Res. 625,
283–294.

Siegel, A., Roeling, T.A., Gregg, T.R., Kruk, M.R., 1999. Neuropharmacology of brain-
stimulation-evoked aggression. Neurosci. Biobehav. Rev. 23, 359–389.

Stepanichev, M., Zdobnova, I., Zarubenko, I., Lazareva, N., Gulyaeva, N.V., 2006.
Differential effects of tumor necrosis factor-alpha co-administered with amyloid
beta-peptide (25–35) on memory function and hippocampal damage in rat. Behav.
Brain Res. 175, 352–361.

Suzuki, R., Morcuende, S., Webber, M., Hunt, S.P., Dickenson, A.H., 2002. Superficial NK1-
expressing neurons control spinal excitability through activation of descending
pathways. Nat. Neurosci. 5, 1319–1326.

Tsuchida, K., Shigemoto, R., Yokota, Y., Nakanishi, S., 1990. Tissue distribution and
quantitation of the mRNAs for three rat tachykinin receptors. Eur. J. Biochem. 193,
751–757.



43J. Halasz et al. / European Journal of Pharmacology 611 (2009) 35–43
Veenema, A.H., Neumann, I.D., 2007. Neurobiological mechanisms of aggression and
stress coping: a comparative study in mouse and rat selection lines. Brain Behav.
Evol. 70, 274–285.

Veenema, A.H., Blume, A., Niederle, D., Buwalda, B., Neumann, I.D., 2006. Effects of early
life stress on adult male aggression and hypothalamic vasopressin and serotonin.
Eur. J. Neurosci. 24, 1711–1720.

Wiley, R.G., Kline, I.R., 2000. Neuronal lesioning with axonally transported toxins.
J. Neurosci. Methods 103, 73–82.

Wiley, R.G., Lappi, D.A., 1997. Destruction of neurokinin-1 receptor expressing cells in
vitro and in vivo using substance P-saporin in rats. Neurosci. Lett. 230, 97–100.

Wolf, H.K., Buslei, R., Schmidt-Kastner, R., Schmidt-Kastner, P.K., Pietsch, T., Wiestler, O.D.,
Blümcke, I., 1996. NeuN: a useful neuronal marker for diagnostic histopathology.
J. Histochem. Cytochem. 44, 1167–1171.
Yao, R., Rameshwar, P., Gregg, T., Siegel, A., 2001. Co-localization of NK(1)-receptor
mRNA with glutamate immunopositivity in cat hypothalamic neurons by the
combination of in situ hybridization and immunohistochemistry. Brain Res. Brain
Res. Protoc. 7, 154–161.

Yip, J., Chahl, L.A., 2000. Localization of tachykinin receptors and Fos-like immunor-
eactivity induced by substance P in guinea-pig brain. Clin. Exp. Pharmacol. Physiol.
27, 943–946.

Yip, J., Chahl, L.A., 2001. Localization of NK1 and NK3 receptors in guinea-pig brain.
Regul. Pept. 98 (1–2), 55–62.


	Substance P neurotransmission and violent aggression: The role of tachykinin NK1 receptors in t.....
	Introduction
	Materials and methods
	Animals
	Experimental design
	Brain surgery
	Resident/intruder test
	The elevated plus-maze test
	Immunocytochemistry and histological analysis
	Brain processing
	Quantification of staining

	Statistics

	Results
	Experiment 1
	Experiment 2

	Discussion
	Main findings
	Tachykinin NK1 receptors in the hypothalamic attack area and aggression
	Tachykinin NK1 receptors in the hypothalamic attack area and anxiety
	Concluding remarks

	Acknowledgements
	References




