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a  b  s  t  r  a  c  t

The  substance  P/NK1  receptor  system  plays  an  important  role  in  the regulation  of stress  and  emotional
responding  and  as such  had  been  implicated  in  the  pathophysiology  of  anxiety  and  depression.  The
present  study  investigated  whether  alterations  in  the substance  P/NK1  receptor  system  in  brain  areas
which regulate  emotional  responding  accompany  the  depressive  behavioural  phenotype  observed  in the
olfactory bulbectomised  (OB)  mouse.  The  effect  of  NK1  receptor  deletion  on behavioural  responding  and
monoamine  levels  in discrete  brain  regions  of  the  OB  model,  were  also  examined.  Substance  P levels
in  the  frontal  cortex  and  NK1  receptor  expression  in  the  amygdala  and  hippocampus  were  enhanced
following  olfactory  bulbectomy.  Although  NK1  receptor  knockout  (NK1−/−)  mice  did  not  exhibit  altered
behavioural  responding  in the  open  field  test,  noradrenaline  levels  were  enhanced  in  the  frontal  cor-
tex, amygdala  and  hippocampus,  as  were  serotonin  levels  in the  frontal  cortex.  Locomotor  activity  and
exploratory  behaviour  were  enhanced  in wild  type  OB  mice,  indicative  of a depressive-like  phenotype,
an  effect  attenuated  in  NK1−/−  mice.  Bulbectomy  induced  a decrease  in  noradrenaline  and  5-HIAA  in the
frontal  cortex  and  an increase  in  serotonin  in  the  amygdala,  effects  attenuated  in  OB  NK1−/−  mice. The
present  studies  indicate  that alterations  in substance  P/NK1  receptor  system  underlie,  at  least  in  part,  the
behavioural  and  monoaminergic  changes  in this  animal  model  of  depression.

© 2011 Published by Elsevier B.V.

1. Introduction

Substance P and its preferred receptor neurokinin (NK)1, are
members of the tachykinin family of neuropeptides which are
widely distributed in both the central and the peripheral nervous
system and regulate a number of physiological responses includ-
ing inflammation, pain and emesis. Over the past decade a wealth
of clinical and preclinical data has implicated the substance P/NK1
receptor system in the regulation of stress and emotion, and con-
sequently the pathogenesis of depressive disorders. Substance P
neurons and NK1 receptors are highly expressed in limbic brain
regions such as the amygdala, hypothalamus and hippocampus
[1,2]. Recent studies have shown that pharmacological blockade
of NK1 receptors modulates emotional processing in healthy vol-
unteers, effects associated with enhanced activation of limbic

Abbreviations: 5HT, serotonin; 5HIAA, 5-hydroxyindole-3-acetic acid; NK1, neu-
rokinin 1; OB, olfactory bulbectomy; WT,  wild type.
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brain areas [3,4]. Chronic stress has been shown to enhance cir-
culating plasma levels of substance P in healthy subjects [5] and
depressed patients display elevated levels of substance P in the
plasma [6] and CSF [7].  Preclinical studies have shown that chronic
mild stress increases substance P mRNA in the medial amygdala
and hypothalamus [8],  chronic immobilisation stress reduces NK1
receptor expression in the hippocampus [9] and maternal sepa-
ration induces increased NK1 receptor internalisation, a marker of
substance P release, in the basolateral amygdala of guinea pigs [10].
In a genetic animal model of depression, the Flinders Sensitive Line
rat, substance P immunoreactivity is enhanced in the frontal cortex
and reduced in the striatum [11]. In comparison, low plasma and
hypothalamic substance P levels have been shown in the Wistar
Kyoto rat, a model that exhibits both a depressive and anxiety-like
phenotype [12]. Thus, region specific alterations in substance P neu-
rotransmission may  be observed in different models of stress and
depression.

Pharmacological and/or genetic antagonism of the NK1 receptor
has been shown to attenuate stress-induced behaviour in several
paradigms [13,14] and induce an antidepressant-like phenotype in
tests such as the forced swim and tail suspension test [12,15,16].
However, few studies have examined the effect of NK1 receptor
antagonism in models of depression that attempt to characterise

0166-4328/$ – see front matter ©  2011 Published by Elsevier B.V.
doi:10.1016/j.bbr.2011.11.035
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the clinically depressed state. Of those that have, antagonism of
the NK1 receptor reduced immobility of Wistar Kyoto rats in the
forced swim test [12] while deletion of the Tac1 gene which encodes
for substance P and neurokinin A, results in an antidepressant-
like phenotype in the olfactory bulbectomised (OB) mouse model
of depression [16]. Several NK1 receptor antagonists been devel-
oped as potential antidepressant treatments, and although initial
reports were promising [10], research is still underway to develop
antagonists that exhibit enhanced efficacy compared with existing
treatments.

Interaction between the substance P/NK1 receptor and the
monoamine neurotransmitter systems is well recognised [for
reviews see [17,18]]. For example, NK1 receptors are present
on GABAergic and glutamatergic interneurons within the raphe
nucleus, indicating that substance P modulates serotonergic
activity indirectly [19–21].  Intra-dorsal raphe administration of
substance P has been shown to decrease serotonergic cell firing
[22] and decrease release of serotonin in the cortex [23]. Phar-
macological and genetic antagonism of the NK1 receptor results
in enhanced serotonergic neuronal firing [24,25] and NK1−/−
mice exhibit downregulation of 5HT1A autoreceptors in the raphe
nucleus [24,26].  Despite this, extracellular serotonin does not alter
between NK1−/− and wild type mice [26] or following NK1 recep-
tor antagonism [27,28].  However, following the administration
of the selective serotonin re-uptake inhibitor, paroxetine, corti-
cal extracellular serotonin is potentiated in NK1−/− mice [26] and
following pharmacological antagonism of the NK1 receptor [29].
Thus increased clearance of serotonin from the extracellular space
via serotonin transporters may  mask the enhanced basal serotonin
release in NK1−/− mice. In addition to the regulation of seroto-
nergic neurotransmission, the substance P/NK1 receptor system
modulates noradrenergic functioning. NK1 receptors are highly
expressed on noradrenergic neurons within the locus coeruleus
[19,30], antagonism of which has been reported to increase neu-
ronal burst firing [31,32] and noradrenergic release in the terminal
field [33,34]. In addition, NK1−/− mice exhibit desensitisation of
somatodendritic �2a-adrenoceptors which account in part for the
enhanced extracellular noradrenaline in the frontal cortex [35].
Thus, modulation of stress and emotional responding by NK1 recep-
tor ligands may  by mediated via interactions with the monoamine
system.

The present study examined substance P levels and NK1
receptor density in discrete brain regions involved in regulat-
ing emotional responding in a preclinical model of depression,
the olfactory bulbectomised (OB) mouse. This model exhibits
behavioural, neurochemical, neuroendocrine and immune alter-
ations which parallel those observed in the clinical setting [36,37],
thus providing a well validated and clinically relevant model
to investigate potential neurobiological substrates underlying
depressive disorders. This study expands the evaluation of region
specific changes in the substance P/NK1 receptor system in a fur-
ther preclinical model of depression. Interaction between the NK1
receptors and the monoaminergic systems may  underlie the altered
stress responsivity of OB mice. As such the effects of NK1 receptor
deletion on behavioural responding and central monoamine levels
following bulbectomy were also examined.

2. Experimental procedures

2.1. Animals

Experiments were conducted on male C57BL/6J (Charles River, UK), NK1 recep-
tor  knockout (NK1−/−) (129/Sv × C57BL/6 hybrids, University College London, UK)
and  corresponding wild type (WT) mice. NK1−/− mice were generated by trans-
fection of embryonic stem cells with a targeting vector designed to disrupt the
NK1  receptor gene, as described previously [38] and the WT mice were littermate
controls generated by heterozygous matings. All mice were matched for age and
weight (weight at start of experiment 25–30 g). The animals were housed in plastic

bottomed cages (45 cm × 25 cm × 20 cm)  containing wood shavings as bedding and
maintained at a constant temperature (20 ± 2 ◦C), humidity (40–60%) and at stan-
dard  lighting conditions (12:12 h light–dark, lights on from 0800 to 2000 h). Food and
water were available ad libitum. The experimental protocol was carried out in accor-
dance with the guidelines of the Animal Welfare Committee, National University of
Ireland, Galway under licence from the Irish Department of Health and Children and
in  compliance with the European Communities Council directive 86/609.

2.2. Experimental protocol

2.2.1. Experiment 1: investigating the effect of bilateral olfactory bulbectomy on
substance P levels and NK1 receptor expression in discrete brain regions

Mice (C57BL/6J) underwent either olfactory bulbectomy (OB) (n = 16) or Sham
(n  = 11) surgery and were allowed 14 days to recover prior to the confirmation
of OB-induced hyperactivity in the open field test. Twenty-four hours following
behavioural testing mice were rapidly decapitated following brief CO2 anaesthesia
and  discrete brain regions (frontal cortex, amygdala, hippocampus and hypothala-
mus) were dissected out on an ice cold plate and stored at −80 ◦C until determination
of substance P levels and NK1 receptor density (n = 7–10). On  the day of determi-
nation, tissue samples were homogenised in 500 �l of lysis buffer (80 mM sodium
�-glycerophosphate, 1 mM dithiothreitol, 1 mM sodium fluoride, pH to 7.6) con-
taining protease inhibitor cocktail (Sigma–Aldrich, Ireland), centrifuged at 4 ◦C for
15  min  at 14,000 × g and supernatant was  used to determine substance P concentra-
tion and NK1 receptor density by EIA and western blotting, respectively. Supernatant
protein levels were assessed using the Bradford protein assay [39]. In order to deter-
mine if NK1 receptor expression was  enhanced in specific amygdaloid nuclei, a
separate set of animals (n = 3 per group) were deeply anaesthetised with sodium
pentobarbital and transcardially perfused with 10 ml of heparinised saline solution,
followed by 50 ml  of 4% paraformaldehyde in 0.1 M phosphate buffer (PB) at pH 7.4
and  4 ◦C. Brains were removed and stored in the same fixative for 90 min at 4 ◦C
followed by immersion in 20% sucrose solution in 0.1 M PB containing 1% sodium
azide (NaAz) until immunohistochemical analysis for NK1 receptor expression.

2.2.2. Experiment 2: the effect of NK1 receptor deletion on OB-induced
behavioural and neurochemical changes

Mice were individually housed and assigned to 4 groups: Sham-WT (n = 7),
Sham-NK1−/−  (n = 12), OB-WT (n = 10) and OB-NK1−/− (n = 17). Locomotor activity
and  exploratory behaviour were assessed on exposure to the open field test 28 days
following Sham or OB surgery. This time was chosen as the antidepressant-like activ-
ity  is most commonly assessed in the model at this time point post surgery [40–46].
Following behavioural testing mice were anaesthetised with CO2, decapitated and
discrete brain regions (frontal cortex, amygdala, hippocampus and hypothalamus)
dissected out on an ice cold plate, weighed and stored at −80 ◦C until monoamine
determination.

2.3.  Bilateral olfactory bulbectomy (OB) surgery

Bilateral olfactory bulbectomy was performed on mice anaesthetised with 7.5%
(w/v) chloral hydrate (375 mg/kg i.p.: Merck, Germany) using an injection volume
of  5 ml/kg or isoflurane (0.5% in 1 ml/min O2). The procedure was  essentially as
previously described [45,47]. In brief, the head was shaven and a midline sagittal
incision was made in the skin overlying the skull. A burr hole of 2 mm diameter was
drilled into the skull, 5 mm rostral to bregma and the olfactory bulbs were removed
by  gentle aspiration with a water vacuum pump. Care was taken not to damage
the frontal cortex. The burr hole was then plugged with a haemostatic sponge to
control bleeding. Sham-operated animals were treated in the same manner but the
bulbs were left intact. All animals were handled daily to monitor general well-being.
Lesions were verified after completion of the study. OB animals were eliminated
from the analysis if the bulbs were not completely removed or if damage extended
to  the frontal cortex. Sham-operated animals were removed if there was any damage
to  the bulbs or the frontal cortex.

2.4. Open field test

On the day of testing, each animal was  removed from the home cage and placed
singly into a brightly lit (lux 200–250 at the base) novel open field environment
(diameter 75 cm,  aluminium walls 50 cm high) where locomotor activity (distance
moved: cm)  was assessed using an electronic video tracking system (Noldus Etho-
Vision, Version 3.0) for a 3 min  period, as previously described [45]. In addition,
exploratory behaviour was assessed by recording time spent in the central arena of
the  open field, defined as the area 10 cm from the outside wall (diameter 55 cm)  of
the arena.

2.5. Determination of substance P concentration in discrete brain regions

Substance P concentrations were determined in tissue supernatant using a
highly sensitive Substance P EIA kit (Enzo Life Sciences, UK) and carried out in
accordance with manufacturer’s instructions. The limit of detection of the assay
was 8.04 g/ml. Data were expressed as pg/mg protein.
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2.6.  Western blotting for NK1 receptor density

Western blotting was  carried out essentially as previously described [48,49].
Following protein determination, samples were diluted in ice-cold lysis buffer to
give  equal protein concentrations (10 �g/15 �l) followed by the addition of sam-
ple buffer (5 �l) (50 mM Tris–HCl, 1.84% SDS, 8% glycerol, 2% bromophenol blue,
and 5% 2-mercaptoethanol). Lysates, with a total volume of 20 �l each containing
10  �g protein were then heated at 95 ◦C for 5 min. The proteins were then separated
by  SDS–PAGE using 12% polyacrylamide gels and electro-blotted onto a nitrocel-
lulose membranes (0.2 �m;  VWR  International, UK). Membranes were rocked in
blocking solution (5% milk, 0.5% Tween 20 in TBS) for 1 h followed by incubation
in blocking solution containing rabbit anti-NK1 receptor (1:1000) (AB5060; Milli-
pore, UK) overnight at 4 ◦C. This antibody has been raised against the C-terminus
of the rat NK1 receptor and has been previously characterised for western blotting
and  immunohistochemistry [50,51] and specificity confirmed in our laboratory. The
following day, membranes were then incubated at room temperature in secondary
antibody HRP goat–anti-rabbit (1:10,000 in blocking solution) for 1 h. Following
three 5 min  washes (0.5% Tween 20 in TBS), membranes were exposed to chemi-
luminescent reagents (Thermo Fisher Scientific Inc., Ireland) for 5 min  followed by
exposure to the G:BOX image analyzer (Syngene, UK) for 10–20 min. Membranes
were subsequently stripped (25 mM glycine–HCl pH 2, 1% SDS) and re-blotted for
�-actin (1:10,000; Sigma Aldrich, Ireland). Densitometric analysis of integrated
band density was  conducted using NIMH ImageJ software. Background integrated
density values were computed and subsequently subtracted from band integrated
density values to obtain corrected integrated density values. Corrected integrated
density values for NK1 were then normalised with their respective corrected inte-
grated density of �-actin. Data were expressed as NK1 receptor density/�-actin
density.

2.7. Immunohistochemistry for NK1 receptor expression

Brains were removed from sucrose-azide solution, rapidly frozen on dry ice
and  coronal sections of 30 �m were cut on a cryostat and collected in 0.1 M
phosphate buffer (PB). Endogenous peroxidise activity was  quenched by placing
sections into 0.75% hydrogen peroxide (H2O2) for 20 min  and immunohistochem-
istry carried out essentially as previously described [46,52,53].  In brief, sections
were incubated for 1 h in 0.1 M PBS containing 0.3% Triton X (Tx) and 2% nor-
mal  goat serum following by 24 h incubation in the same buffer containing NK1
receptor antisera raised in rabbit (1:3000; AB5060; Millipore, UK). The specificity
of  this antibody has been previously demonstrated [50,51] and confirmed in our
laboratory. The incubated sections were subsequently washed and incubated for
90 min  in biotinylated goat–anti-rabbit antisera (1:200; Jackson ImmunoResearch
Europe, UK). This was  followed by incubation in the avidin–biotin–peroxidase
complex (ABC) (1:200; Vector Laboratories Ltd., UK) for a further 90 min  sections
were subsequently immersed in 0.02% 3,3-diaminobenzidine-4HCl containing 0.01%
H2O2 in PB for 5–10 min  for a brown reaction product that was terminated by
rinses in PB. The sections were mounted on glass-gelatinised slides and air-dried.
Slides were dehydrated in graded alcohols, cleared with xylene and coversliped
with DePex mounting medium. Photomicrographs were taken with an Olympus
microscope BX51 and Olympus C5060 digital camera and densitometric analysis
preformed using NIMH Image J software and expressed as corrected integrated
density (ID).

2.8. HPLC analysis of brain tissue monoamine concentrations

Monoamine levels in discrete regions (frontal cortex, amygdala, hypothalamus
and hippocampus) were assessed as previously described [54,55]. In brief, tissue
was  sonicated in 1 ml  of mobile phase (0.1 M Citric Acid, 0.1 M NaH2PO4, 1.4 mM 1-
octane sulphonic acid, 0.01 mM EDTA, 10% methanol; pH 2.8) containing 2 ng/20 �l
N-methyl 5-HT as an internal standard. Homogenates were centrifuged at 4 ◦C for
15  min  at 14,000 × g. A 20 �l sample of supernatant was injected onto Shimadzu
HPLC with a reverse-phase C18 column (Licrosorb RP-18 column; Phenomenex, UK)
and electrochemical detection was used to determine peak heights of monoamines
and  their metabolites. The electrode was maintained at +0.8 V and the flow rate of
the mobile phase through the system was  1 ml/min. Peak heights for standards of
2  ng/20 �l for noradrenaline, serotonin and 5-hydroxyindole-3-acetic acid (5-HIAA)
(Sigma–Aldrich, Dublin, Ireland) were obtained each month prior to injection of
samples and after every 10 samples. The data were calculated as ng neurotransmit-
ter/g of tissue.

2.9. Statistical analysis

SPSS (version 17.0) statistical package was  used to analyse all data. Behavioural,
neurochemical and western blotting data were normally distributed and ana-
lysed using either unpaired t-test (Sham vs. OB) or two-factor analysis of variance
(ANOVA) with the factors of OB and NK1 receptor deletion. Post hoc analysis was
performed by Fisher’s LSD test when appropriate. Data were considered significant
when P ≤ 0.05. Results are expressed as group means ± standard error of the mean
(±  SEM).

Fig. 1. OB-induced hyperactivity in the open field is associated with alteration in
substance P levels and NK1 receptor expression in discrete brain regions. (a) Distance
moved of Sham and OB animals on exposure to a novel open field arena over a
3  min  trial. (b) Substance P levels in the frontal cortex, amygdala, hippocampus and
hypothalamus of Sham and OB mice. (c) Representative blots and analysis of NK1
receptor density in the frontal cortex, amygdala, hippocampus and hypothalamus
of  Sham and OB mice. Data expressed as mean + SEM. N = 7–10. *P < 0.05 Sham vs.
OB.

3. Results

3.1. OB-induced behavioural hyperactivity is associated with
alterations in substance P levels and NK1 receptor expression in
discrete brain regions

OB mice displayed a characteristic increase in distance moved on
exposure to the open field test, when compared to Sham-operated
controls (t26 = 4.65 P < 0.001; Fig. 1a). Examination of whether
this OB-related hyperactivity was  associated with alterations in
substance P neurotransmission revealed that OB mice exhib-
ited increased substance P levels in the frontal cortex [t15 = 3.15
P = 0.007], but not other brain regions examined, when compared
to Sham-operated controls (Fig. 1b). Western blotting analysis
revealed an increase in NK1 receptor density in the amygdala
[t10 = 2.75 P = 0.021] and hippocampus [t10 = 3.40 P = 0.008] but not



Author's personal copy

94 M. Roche et al. / Behavioural Brain Research 228 (2012) 91– 98

Fig. 2. Representative photomicrographs of NK1 receptor immunohistochemical labelling in the amygdala of Sham and OB mice. CeA, central nucleus of the amygdala; BLA,
basolateral amygdala; MeA, medial amygdaloid nucleus. Bar represents 300 �m.

in the hypothalamus or frontal cortex, of OB mice when compared
to Sham-operated controls (Fig. 1c). Further immunohistochemical
analysis revealed that the increase in NK1 receptor density in the
amygdala was confined to the medial amygdaloid nuclei [Sham:
21.48 ± 1.16 ID vs. OB: 30.80 ± 1.45 ID; t4 = 5.02 P = 0.007] (Fig. 2).

3.2. NK1 receptor knockout mice exhibit reduced OB-related
increase in nocturnal home cage activity and distance moved in
the open field

On exposure to a novel open field arena, OB WT  mice exhibited
a significant increase in distance moved, confirming develop-
ment of the OB syndrome [OB: F(1,37) = 55.39 P < 0.001; Fig. 3a
and b]. Deletion of the NK1 receptor reduced distance moved of
Sham-operated mice when compared to their wild type counter-
parts, however this effect failed to reach statistical significance. In
comparison, OB NK1−/− mice demonstrated a significant reduc-
tion in distance moved in the open field when compared to
wild type counterparts [F(1,37) = 7.81 P = 0.008; OB WT  vs. OB
NK−/− P < 0.01]. Temporal analysis revealed that although OB
NK1−/− mice did not display enhanced locomotor activity in
the open field test for the first minute of exposure, distance
moved was comparable between OB NK1−/− and OB WT  by
the 3rd minute of the test (Fig. 3b), demonstrating that NK1−/−
mice exhibit a delayed OB-induced increase in locomotor activity
[time: F(2,74) = 21.63 P < 0.001; time × OB: F(2,74) = 9.25 P < 0.001; OB:
F(1,37) = 55.41 P < 0.001; genotype: F(1,37) = 7.81 P = 0.008]. Examina-
tion of exploratory behaviour in the open field revealed that OB
WT mice exhibited increased time in the centre of the arena [OB:
F(1,37) = 6.76 P = 0.013; Sham WT  vs. OB WT  P < 0.01], an effect not
observed in OB NK1−/− mice (Fig. 3c).

3.3. Alterations in noradrenaline concentration in discrete brain
regions following olfactory bulbectomy and/or NK1 receptor
deletion

Olfactory bulbectomy significantly reduced noradrenaline con-
centration in the frontal cortex of wild type and NK1 receptor
knockout mice [OB: F(1,32) = 28.03 P < 0.001] when compared to
their Sham-operated counterparts (Sham WT  vs. OB WT  P < 0.05)
(Table 1). Deletion of the NK1 receptor resulted in increased nora-
drenaline levels in the amygdala [genotype: F(1,33) = 9.69 P = 0.004],
hippocampus [genotype: F(1,32) = 12.73 P = 0.001] of Sham-operated
mice (Sham WT  vs. Sham NK1−/− P < 0.05), an effect not observed
following bulbectomy (OB WT  vs. OB NK1−/−). In comparison, OB

NK1−/− mice exhibited a significant increase in noradrenaline lev-
els in the frontal cortex when compared to wild type counterparts
[genotype: F(1,32) = 7.89 P = 0.008; OB WT  vs. OB NK1−/− P < 0.05],
and a slight but nonsignificant increase Sham-operated controls
(Sham WT  vs. Sham NK1−/−). There was no effect of bulbectomy
or NK1 receptor deletion on noradrenaline levels in the hypothala-
mus.

3.4. Alterations in serotonin and 5HIAA concentration in discrete
brain regions following olfactory bulbectomy and/or NK1 receptor
deletion

NK1 receptor deletion resulted increased levels of serotonin in
the frontal cortex [genotype: F(1,33) = 7.78 P = 0.009], a slight but
nonsignificant increase in the amygdala and hippocampus, and
reduced 5HIAA levels in the hypothalamus [genotype: F(1,29) = 2.26
P = 0.048] of Sham-operated mice [Sham WT vs. Sham NK1−/−:
P < 0.05] (Table 1). Olfactory bulbectomy significantly reduced
5HIAA levels in the frontal cortex of WT  mice [OB: F(1,31) = 4.03
P = 0.050; Sham WT  vs. OB WT  P < 0.05], an effect attenuated
in NK1−/− mice [F(1,31) = 3.92 P = 0.050; OB WT vs. OB NK1−/−

Table 1
The effect of bulbectomy and/or NK1 receptor deletion on monoamine levels in
discrete brain regions.

Sham WT  Sham NK1−/− OB WT OB NK1−/−
Noradrenaline
Frontal cortex 460 ± 56 556 ± 28 263 ± 42* 370 ± 26$,+

Amygdala 418 ± 12 538 ± 24* 445 ± 28 479 ± 21
Hippocampus 449 ± 44 614 ± 32* 435 ± 34 514 ± 28$

Hypothalamus 2418 ± 167 2068 ± 209 2108 ± 167 1837 ± 190

Serotonin
Frontal cortex 779 ± 82 1002 ± 45* 573 ± 54 779 ± 44$

Amygdala 1021 ± 56 1175 ± 70 1272 ± 85* 1051 ± 66+

Hippocampus 789 ± 100 937 ± 58 853 ± 88 769 ± 73
Hypothalamus 1237 ± 335 1195 ± 162 1215 ± 120 898 ± 132

5HIAA
Frontal cortex 696 ± 52 753 ± 46 512 ± 53* 694 ± 74+

Amygdala 1040 ± 74 1083 ± 105 968 ± 141 1047 ± 96
Hippocampus 859 ± 80 855 ± 33 809 ± 44 820 ± 56
Hypothalamus 1284 ± 65 955 ± 60* 1110 ± 93 1082 ± 78

Data expressed as mean (ng/g neurotransmitter) ± SEM. N = 6–11. Sham, Sham-
operated; OB, olfactory bulbectomised; WT,  wild type; NK1−/−, NK1 receptor
knockout.

* P < 0.05 vs. Sham WT.
$ P < 0.05 vs. Sham NK1−/−.
+ P < 0.05 vs. OB WT.
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Fig. 3. The effect of bulbectomy and/or NK1 receptor deletion on (a and b) dis-
tance moved and (c) time spent in the centre of the open field. Data expressed as
means + SEM. N = 7–14. **P  < 0.01 Sham WT vs. OB WT. +P < 0.05; ++P < 0.01 OB WT
vs. OB NK1−/−. Sham, Sham-operated; OB, olfactory bulbectomised; WT,  wild type;
NK1−/−,  NK1 receptor knockout.

P < 0.05]. In comparison, OB induced an increase in serotonin levels
in the amygdala of wild type but not NK1−/− mice [interaction:
F(1,31) = 5.78 P = 0.022]. There was no effect of bulbectomy or NK1
receptor deletion on serotonin or 5HIAA levels in the hippocampus
or serotonin turnover (5HT/5HIAA) in any of the regions examined.

4. Discussion

The present study demonstrated that olfactory bulbectomy
results in alterations in elements of the substance P/NK1 receptor

system in critical brain regions involved in the regulation of emo-
tional responding, namely increases in the content of substance P in
the cortex and increases in NK1 receptor expression in the amyg-
dala and hippocampus. Modulation of this system by deletion of
the NK1 receptor reduced the OB-induced increase in locomotor
activity and exploratory behaviour on exposure to a novel open
field. Furthermore, NK1 receptor deletion attenuated OB-induced
changes in serotonin and 5HIAA concentration in the amygdala
and frontal cortex, respectively. Thus interaction between the sub-
stance P and serotonergic system may  underlie the behavioural
changes observed in the model.

Enhanced activity of the substance P/NK1 receptor system have
been reported clinically [6,7] and in several animal models of
depression [8,10–12]. The present study expands on these find-
ings demonstrating that in the OB mouse, substance P levels in the
frontal cortex are elevated, as is the expression of NK1 receptors in
the amygdala and hippocampus. Therefore alterations in the sub-
stance P/NK1 receptor system in critical brain regions involved in
regulation of emotional responding occur in this model of depres-
sion. Correlating with our findings, substance P levels are also
increased in the frontal cortex of Flinders Sensitive Line rats, a
genetic animal model of depression [11]. The amygdala has been
shown to be a critical site for substance P modulation of emo-
tional responses to stress [for reviews see [17,56,57]].  Exposure
to various stressors can induce the release of substance P in the
amygdala, an effect which modulates anxiety-related and emo-
tional behaviour [13,58,59].  In addition, the medial amygdala plays
an important role in mediating defensive behaviours due to its
monosynaptic substance P projections to the medial hypothala-
mus  [60,61]. Disinhibition of the amygdala has been proposed
to underlie the behavioural changes observed following olfactory
bulbectomy including emotional blunting and deficit in defensive
behaviours [62–66].  The present study demonstrated enhanced
NK1 receptor expression in the medial amygdaloid nuclei following
bulbectomy, and thus it is tempting to speculate that the increased
receptor density observed in the amygdala may underlie the altered
behavioural response to stress observed in the model.

The expression of NK1 receptors was  also demonstrated to be
enhanced in the hippocampus of OB mice. OB mice have been
repeatedly demonstrated to exhibit deficits in learning and mem-
ory [43,44,67–69] and substance P has been shown to induce
memory promoting and reinforcing effects [70,71]. However, NK1
receptors are located primarily on GABAergic interneurons in the
hippocampus [72], activation of which may  enhance or reduce hip-
pocampal output depending on whether interneurons or pyramidal
neurons are inhibited as a consequence [73,74]. Further studies are
required in order to determine the role of hippocampal NK1 recep-
tors in mediating the OB-induced changes in learning and memory.

The open field test is used for a variety of purposes in the
literature. Often these exposures are relatively long in duration
(10–60 min) in order to evaluate habituation responses. In exam-
ining OB-related behavioural deficits, a short duration (3–5 min)
is most commonly employed in rodents [16,40,43,45].  The present
study revealed that NK1−/− mice exhibited a nonsignificant reduc-
tion in locomotor activity on exposure to the open field for this
short duration, correlating with previous studies [15,16,38].  How-
ever, several studies have demonstrated a hyperactive response
following deletion of the NK1 receptor [34,75,76],  most proba-
bly due to the increased exposure times employed (10–60 min)
that may  reflect a delay in habituation rather than initial reactiv-
ity to the test arena. Time spent in the inner arena of the open
field has been used as a measure of anxiety-related behaviour, a
parameter which did not differ between NK1−/− and wild type
mice in the present study. Similarly, genetic and pharmacologi-
cal blockade of NK1 receptors has been demonstrated not to affect
anxiety-related behaviour in the elevated plus maze [13,15,38] but
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attenuate stress- and substance P-induced increases in anxiogenic
behaviour in this test paradigm [13]. In addition, NK1 receptor
blockade results in anxiolytic-like behaviour in tests associated
with high levels of stress such as the social interaction test and fear
conditioning [77,78]. Therefore, the tonic activity of the substance
P/NK1 system may  influence how NK1 receptor blockade ultimately
affects behavioural responding to stress. Olfactory bulbectomy
resulted in the characteristic hyperactivity in the open field, seen as
an increase in general distance moved, as well as an increase in the
time spent in the inner arena of the open field. These changes are
the most commonly observed behavioural alterations in the model
and properties that are attenuated by chronic antidepressant treat-
ment [40,43,45].  This OB-induced hyperactivity was attenuated
in NK1−/− mice, suggesting that NK1 receptor blockade reveals
an antidepressant phenotype. Deletion of the Tac1 gene, which
encodes for substance P and neurokinin A, prevents the develop-
ment of the OB-induced increase in rearing [16] and decrease in
sucrose preference [79]. However, in comparison with the present
study, OB-induced hyperactivity in the open field was  not altered
in Tac1−/− mice [16]. Decreased neurokinin A in conjunction with
substance P, and as such activation of other tachykinin receptors,
following deletion of the Tac1 gene may  account for the lack of effect
in this latter study. It should be noted that towards the end of the
trial, locomotor activity of OB NK1−/− mice returns to that of wild
type counterparts, indicating that, although the substance P/NK1
receptor system may  be involved in the initial reactivity of OB mice
to a novel stressor, other transmitter systems are likely to also be
involved in the altered behavioural responding in the model.

Alterations in monoaminergic neurotransmission have been
the most widely studied neurochemical change examined in the
OB model, with reduced serotonin and noradrenaline function-
ing (typically measured as steady state neurotransmitter levels)
observed in discrete brain regions such as the frontal cortex, amyg-
dala, hippocampus and midbrain [42,62,80–85]. In accordance with
these findings, the present study demonstrated that the sero-
tonin metabolite 5HIAA and noradrenaline levels were significantly
reduced in the frontal cortex of OB mice. In comparison, sero-
tonin levels in the amygdala were increased in OB mice when
compared to Sham-operated wild type controls. Methodological
differences such as strain/species of animal used, time post surgery,
time post behavioural testing and technique used may  account for
the discrepancy between our finding and those previously report-
ing reduced serotonin functioning in the amygdala of OB animals
[62,82,83]. Chronic antidepressant treatment has been demon-
strated to normalise not only many of the behavioural but also the
neurochemical changes observed following bulbectomy [for review
see [36,37]]. The present study demonstrated that the OB-induced
changes in monoamine levels in the frontal cortex and amygdala
were attenuated in NK1−/− mice. However it should be noted that
the attenuation of the OB-induced reduction in noradrenaline con-
centrations observed in NK1−/− OB mice cannot be ascribed to
an antidepressant effect per se, due to the increase (albeit non-
significant) in noradrenaline observed in Sham NK1−/− mice.

NK1 receptor deletion itself induced a number of alterations
in monoamine levels, most specifically increases in noradrenaline
concentration in the amygdala and hippocampus, an increase in
serotonin in the frontal cortex and a reduction in 5HIAA in the
hypothalamus. As highlighted earlier, a close associated exists
between the substance P/NK1 receptor and the monoamine sys-
tems [for review see [17,18]]. Although NK1−/− mice exhibit
increased serotonin neuronal firing in the dorsal raphe nucleus
[24], cortical serotonin efflux does not differ between NK1−/− and
wild type mice [26]. In comparison, the present studies demon-
strate an increase in serotonin tissue levels in the frontal cortex
of NK1−/− mice. The lack of increase in cortical serotonin release
in NK1−/− mice has been attributed to an increase in clearance

of this transmitter [26]. However, the present study assessed tis-
sue levels of serotonin encompassing both intra- and extra-cellular
serotonin levels, which may  account for the discrepancy between
studies. NK1−/− mice also exhibited an increase in noradrenaline
in the amygdala and hippocampus and a slight but non-significant
increase in the frontal cortex of Sham mice. These findings corre-
late with previous reports of enhanced noradrenaline release in the
cortex of NK1−/− mice [34,35] and in the cortex and hippocam-
pus following pharmacological antagonism of the NK1 receptor
[27]. This increase in noradrenaline has been proposed to be due
to desensitisation of �2A-adrenoceptors autoreceptors [35] and/or
increased burst activity of noradrenergic neurons [31] in the locus
coeruleus of NK1−/− mice. However, it has been suggested that
the effect of the substance P/NK1 receptor system on noradrenergic
neurotransmission may  differ under stress conditions. For example,
NK1 receptor antagonism in the locus coeruleus increases nora-
drenaline release in the prefrontal cortex, however in the presence
of a stressful stimulus, this effect is abolished [33]. Accordingly,
the present study demonstrated that the increase in noradrenaline
in the amygdala of NK1−/− mice was not observed in the stress-
reactive OB model.

In conclusion, the present findings demonstrate region spe-
cific alterations in the substance P/NK1 receptor in the OB  mouse,
a neurochemical abnormality that can be added to those previ-
ously observed in central monoaminergic functioning in this model.
Furthermore, deletion of the NK1 receptor provides evidence of
an antidepressant phenotype following bulbectomy. Further work
to support the role of the substance P/NK 1 receptor system
would include assessing whether these neurochemical changes
can be reversed by conventional antidepressant treatment in the
OB model, as well as investigating whether NK1 receptor antago-
nism would reverse the deficits in behaviour and monoaminergic
neurotransmission in the OB model, analogous to currently mar-
keted antidepressants Such studies would be important in adding
to our understanding the pathophysiology and development of
novel treatment strategies for stress-related disorders such as
depression.

Acknowledgments

The authors gratefully acknowledge technical support from
Mary Clancy, Caitriona O’Rourke and Bernadine O’Donovan. Finan-
cial support for this project was  received from the Millennium
Fund, National University of Ireland, Galway and Merck, Sharp and
Dohme, UK.

References

[1] Nakaya Y, Kaneko T, Shigemoto R, Nakanishi S, Mizuno N. Immunohistochem-
ical localization of substance P receptor in the central nervous system of the
adult rat. J Comp Neurol 1994;347:249–74.

[2] Roberts GW,  Woodhams PL, Polak JM,  Crow TJ. Distribution of neuropep-
tides in the limbic system of the rat: the amygdaloid complex. Neuroscience
1982;7:99–131.

[3] McCabe C, Cowen PJ, Harmer CJ. NK1 receptor antagonism and the neural
processing of emotional information in healthy volunteers. Int J Neuropsy-
chopharmacol 2009;12:1261–74.

[4] Chandra P, Hafizi S, Massey-Chase RM,  Goodwin GM,  Cowen PJ, Harmer CJ.
NK1 receptor antagonism and emotional processing in healthy volunteers. J
Psychopharmacol 2010;24:481–7.

[5] Weiss DW,  Hirt R, Tarcic N, Berzon Y, Ben-Zur H, Breznitz S, et al. Studies
in  psychoneuroimmunology: psychological, immunological, and neuroen-
docrinological parameters in Israeli civilians during and after a period of Scud
missile attacks. Behav Med  1996;22:5–14.

[6] Bondy B, Baghai TC, Minov C, Schule C, Schwarz MJ,  Zwanzger P, et al. Sub-
stance P serum levels are increased in major depression: preliminary results.
Biol Psychiatry 2003;53:538–42.

[7] Geracioti Jr TD, Carpenter LL, Owens MJ,  Baker DG, Ekhator NN, Horn PS, et al.
Elevated cerebrospinal fluid substance p concentrations in posttraumatic stress
disorder and major depression. Am J Psychiatry 2006;163:637–43.



Author's personal copy

M. Roche et al. / Behavioural Brain Research 228 (2012) 91– 98 97

[8]  Sergeyev V, Fetissov S, Mathe AA, Jimenez PA, Bartfai T, Mortas P, et al.
Neuropeptide expression in rats exposed to chronic mild stresses. Psychophar-
macology (Berl) 2005;178:115–24.

[9] Duric V, McCarson KE. Hippocampal neurokinin-1 receptor and brain-derived
neurotrophic factor gene expression is decreased in rat models of pain and
stress. Neuroscience 2005;133:999–1006.

[10] Kramer MS,  Cutler N, Feighner J, Shrivastava R, Carman J, Sramek JJ, et al. Dis-
tinct  mechanism for antidepressant activity by blockade of central substance
P receptors. Science 1998;281:1640–5.

[11] Husum H, Vasquez PA, Mathe AA. Changed concentrations of tachykinins and
neuropeptide Y in brain of a rat model of depression: lithium treatment nor-
malizes tachykinins. Neuropsychopharmacology 2001;24:183–91.

[12] Malkesman O, Braw Y, Weller A. Assessment of antidepressant and anxiolytic
properties of NK1 antagonists and substance P in Wistar Kyoto rats. Physiol
Behav 2007;90:619–25.

[13] Ebner K, Rupniak NM, Saria A, Singewald N. Substance P in the medial amyg-
dala: emotional stress-sensitive release and modulation of anxiety-related
behavior in rats. Proc Natl Acad Sci U S A 2004;101:4280–5.

[14] Rupniak NM,  Carlson EC, Harrison T, Oates B, Seward E, Owen S, et al. Phar-
macological blockade or genetic deletion of substance P (NK(1)) receptors
attenuates neonatal vocalisation in guinea-pigs and mice. Neuropharmacology
2000;39:1413–21.

[15] Rupniak NM, Carlson EJ, Webb JK, Harrison T, Porsolt RD, Roux S, et al. Compar-
ison of the phenotype of NK1R−/− mice with pharmacological blockade of the
substance P (NK1) receptor in assays for antidepressant and anxiolytic drugs.
Behav Pharmacol 2001;12:497–508.

[16] Bilkei-Gorzo A, Racz I, Michel K, Zimmer A. Diminished anxiety- and
depression-related behaviors in mice with selective deletion of the Tac1 gene.
J  Neurosci 2002;22:10046–52.

[17] Ebner K, Singewald N. The role of substance P in stress and anxiety responses.
Amino Acids 2006;31:251–72.

[18] Yan TC, Hunt SP, Stanford SC. Behavioural and neurochemical abnormalities
in  mice lacking functional tachykinin-1 (NK1) receptors: a model of attention
deficit hyperactivity disorder. Neuropharmacology 2009;57:627–35.

[19] Ma  QP, Bleasdale C. Modulation of brain stem monoamines and gamma-
aminobutyric acid by NK1 receptors in rats. Neuroreport 2002;13:1809–12.

[20] Leger L, Gay N, Cespuglio R. Neurokinin NK1- and NK3-immunoreactive
neurons in serotonergic cell groups in the rat brain. Neurosci Lett
2002;323:146–50.

[21] Commons KG, Valentino RJ. Cellular basis for the effects of substance P in the
periaqueductal gray and dorsal raphe nucleus. J Comp Neurol 2002;447:82–97.

[22] Valentino RJ, Bey V, Pernar L, Commons KG. Substance P Acts through local cir-
cuits within the rat dorsal raphe nucleus to alter serotonergic neuronal activity.
J  Neurosci 2003;23:7155–9.

[23] Guiard BP, Guilloux JP, Reperant C, Hunt SP, Toth M,  Gardier AM.  Substance
P  neurokinin 1 receptor activation within the dorsal raphe nucleus controls
serotonin release in the mouse frontal cortex. Mol  Pharmacol 2007;72:1411–8.

[24] Santarelli L, Gobbi G, Debs PC, Sibille ET, Blier P, Hen R, et al. Genetic
and  pharmacological disruption of neurokinin 1 receptor function decreases
anxiety-related behaviors and increases serotonergic function. Proc Natl Acad
Sci  U S A 2001;98:1912–7.

[25] Conley RK, Cumberbatch MJ,  Mason GS, Williamson DJ, Harrison T, Locker K,
et  al. Substance P (neurokinin 1) receptor antagonists enhance dorsal raphe
neuronal activity. J Neurosci 2002;22:7730–6.

[26] Froger N, Gardier AM,  Moratalla R, Alberti I, Lena I, Boni C, et al. 5-
Hydroxytryptamine (5-HT)1A autoreceptor adaptive changes in substance P
(neurokinin 1) receptor knock-out mice mimic antidepressant-induced desen-
sitization. J Neurosci 2001;21:8188–97.

[27] Millan MJ,  Lejeune F, De Nanteuil G, Gobert A. Selective blockade of neurokinin
(NK)(1) receptors facilitates the activity of adrenergic pathways projecting to
frontal cortex and dorsal hippocampus in rats. J Neurochem 2001;76:1949–54.

[28] Zocchi A, Varnier G, Arban R, Griffante C, Zanetti L, Bettelini L, et al. Effects of
antidepressant drugs and GR 205171, an neurokinin-1 (NK1) receptor antago-
nist,  on the response in the forced swim test and on monoamine extracellular
levels in the frontal cortex of the mouse. Neurosci Lett 2003;345:73–6.

[29] Guiard BP, Przybylski C, Guilloux JP, Seif I, Froger N, De Felipe C, et al. Blockade
of substance P (neurokinin 1) receptors enhances extracellular serotonin when
combined with a selective serotonin reuptake inhibitor: an in vivo microdial-
ysis study in mice. J Neurochem 2004;89:54–63.

[30] Saffroy M,  Beaujouan JC, Petitet F, Torrens Y, Glowinski J. Differential local-
ization of 3H-[Pro9]SP binding sites in the guinea pig and rat brain. Brain Res
1994;633:317–25.

[31] Gobbi G, Blier P. Effect of neurokinin-1 receptor antagonists on serotoniner-
gic, noradrenergic and hippocampal neurons: comparison with antidepressant
drugs. Peptides 2005;26:1383–93.

[32] Maubach KA, Martin K, Chicchi G, Harrison T, Wheeldon A, Swain CJ, et al.
Chronic substance P (NK1) receptor antagonist and conventional antidepres-
sant treatment increases burst firing of monoamine neurones in the locus
coeruleus. Neuroscience 2002;109:609–17.

[33] Ebner K, Singewald N. Stress-induced release of substance P in the locus
coeruleus modulates cortical noradrenaline release. Naunyn Schmiedebergs
Arch Pharmacol 2007;376:73–82.

[34] Herpfer I, Hunt SP, Stanford SC. A comparison of neurokinin 1 receptor knock-
out  (NK1−/−) and wildtype mice: exploratory behaviour and extracellular
noradrenaline concentration in the cerebral cortex of anaesthetised subjects.
Neuropharmacology 2005;48:706–19.

[35] Fisher AS, Stewart RJ, Yan T, Hunt SP, Stanford SC. Disruption of noradrenergic
transmission and the behavioural response to a novel environment in NK1R−/−
mice. Eur J Neurosci 2007;25:1195–204.

[36] Song C, Leonard BE. The olfactory bulbectomised rat as a model of depression.
Neurosci Biobehav Rev 2005;29:627–47.

[37] Kelly JP, Wrynn AS, Leonard BE. The olfactory bulbectomized rat as a model of
depression: an update. Pharmacol Ther 1997;74:299–316.

[38] De Felipe C, Herrero JF, O’Brien JA, Palmer JA, Doyle CA, Smith AJ, et al. Altered
nociception, analgesia and aggression in mice lacking the receptor for sub-
stance P. Nature 1998;392:394–7.

[39] Bradford MM.  A rapid and sensitive method for the quantitation of micro-
gram quantities of protein utilizing the principle of protein–dye binding. Anal
Biochem 1976;72:248–54.

[40] Otmakhova NA, Gurevich EV, Katkov YA, Nesterova IV, Bobkova NV. Dissocia-
tion of multiple behavioral effects between olfactory bulbectomized C57Bl/6J
and DBA/2J mice. Physiol Behav 1992;52:441–8.

[41] Gurevich EV, Aleksandrova IA, Otmakhova NA, Katkov YA, Nesterova IV,
Bobkova NV. Effects of bulbectomy and subsequent antidepressant treatment
on brain 5-HT2 and 5-HT1A receptors in mice. Pharmacol Biochem Behav
1993;45:65–70.

[42] Nesterova IV, Gurevich EV, Nesterov VI, Otmakhova NA, Bobkova NV.
Bulbectomy-induced loss of raphe neurons is counteracted by antidepressant
treatment. Prog Neuropsychopharmacol Biol Psychiatry 1997;21:127–40.

[43] Jarosik J, Legutko B, Unsicker K, von Bohlen Und Halbach O.  Antidepressant-
mediated reversal of abnormal behavior and neurodegeneration in mice
following olfactory bulbectomy. Exp Neurol 2007;204:20–8.

[44] Grecksch G, Zhou D, Franke C, Schroder U, Sabel B, Becker A, et al. Influ-
ence of olfactory bulbectomy and subsequent imipramine treatment on
5-hydroxytryptaminergic presynapses in the rat frontal cortex: behavioural
correlates. Br J Pharmacol 1997;122:1725–31.

[45] Roche M, Shanahan E, Harkin A, Kelly JP. Trans-species assessment of
antidepressant activity in a rodent model of depression. Pharmacol Rep
2008;60:404–8.

[46] Roche M,  Harkin A, Kelly JP. Chronic fluoxetine treatment attenuates stressor-
induced changes in temperature, heart rate, and neuronal activation in the
olfactory bulbectomized rat. Neuropsychopharmacology 2007;32:1312–20.

[47] Zueger M,  Urani A, Chourbaji S, Zacher C, Roche M,  Harkin A, et al. Olfactory
bulbectomy in mice induces alterations in exploratory behavior. Neurosci Lett
2005;374:142–6.

[48] Butler RK, Nilsson-Todd L, Cleren C, Lena I, Garcia R, Finn DP.  Molecular and
electrophysiological changes in the prefrontal cortex–amygdala–dorsal peri-
aqueductal grey pathway during persistent pain state and fear-conditioned
analgesia. Physiol Behav 2011;104(5):1075–81.

[49] Butler RK, Rea K, Lang Y, Gavin AM,  Finn DP. Endocannabinoid-mediated
enhancement of fear-conditioned analgesia in rats: opioid receptor depen-
dency and molecular correlates. Pain 2008;140:491–500.

[50] Castro AR, Pinto M,  Lima D, Tavares I. Imbalance between the expression of
NK1 and GABAB receptors in nociceptive spinal neurons during secondary
hyperalgesia: a c-Fos study in the monoarthritic rat. Neuroscience 2005;132:
905–16.

[51] Piggins HD, Samuels RE, Coogan AN, Cutler DJ. Distribution of substance P
and neurokinin-1 receptor immunoreactivity in the suprachiasmatic nuclei
and  intergeniculate leaflet of hamster, mouse, and rat. J Comp Neurol
2001;438:50–65.

[52] Roche M, Johnston P, Mhuircheartaigh ON, Olango WM,  Mackie K, Finn DP.
Effects of intra-basolateral amygdala administration of rimonabant on nocicep-
tive behaviour and neuronal activity in the presence or absence of contextual
fear. Eur J Pain 2010;14:487–95.

[53] Smith KL, Roche M,  Jessop DS, Finn DP. The effects of synthetic and endogenous
imidazoline binding site ligands on neuronal activity in discrete brain regions
of  naive and restraint-stressed rats. Eur Neuropsychopharmacol 2009;19:
371–80.

[54] Burke NN, Hayes E, Calpin P, Kerr DM,  Moriarty O,  Finn DP, et al. Enhanced
nociceptive responding in two  rat models of depression is associated with
alterations in monoamine levels in discrete brain regions. Neuroscience
2011;171:1300–13.

[55] Roche M,  O’Connor E, Diskin C, Finn DP. The effect of CB(1) receptor antagonism
in  the right basolateral amygdala on conditioned fear and associated analgesia
in  rats. Eur J Neurosci 2007;26:2643–53.

[56] Rupniak NM.  New insights into the antidepressant actions of substance P (NK1
receptor) antagonists. Can J Physiol Pharmacol 2002;80:489–94.

[57] McLean S. Do substance P and the NK1 receptor have a role in depression and
anxiety? Curr Pharm Des 2005;11:1529–47.

[58] Boyce S, Smith D, Carlson E, Hewson L, Rigby M,  O’Donnell R, et al.
Intra-amygdala injection of the substance P [NK(1) receptor] antagonist L-
760735 inhibits neonatal vocalisations in guinea-pigs. Neuropharmacology
2001;41:130–7.

[59] Smith DW,  Hewson L, Fuller P, Williams AR, Wheeldon A, Rupniak NM.  The
substance P antagonist L-760,735 inhibits stress-induced NK(1) receptor inter-
nalisation in the basolateral amygdala. Brain Res 1999;848:90–5.

[60] Shaikh MB,  Steinberg A, Siegel A. Evidence that substance P is utilized in
medial amygdaloid facilitation of defensive rage behavior in the cat. Brain Res
1993;625:283–94.

[61] Han Y, Shaikh MB,  Siegel A. Medial amygdaloid suppression of predatory attack
behavior in the cat: I. Role of a substance P pathway from the medial amygdala
to the medial hypothalamus. Brain Res 1996;716:59–71.



Author's personal copy

98 M. Roche et al. / Behavioural Brain Research 228 (2012) 91– 98

[62]  Jancsar SM,  Leonard BE. Changes in neurotransmitter metabolism following
olfactory bulbectomy in the rat. Prog Neuropsychopharmacol Biol Psychiatry
1984;8:263–9.

[63] Shibata S, Watanabe S. Facilitatory effect of olfactory bulbectomy on 2-
deoxyglucose uptake in rat amygdala slices. Brain Res 1994;665:147–50.

[64] McNish KA, Davis M. Olfactory bulbectomy enhances sensitization of the
acoustic startle reflex produced by acute or repeated stress. Behav Neurosci
1997;111:80–91.

[65] Primeaux SD, Holmes PV. Role of aversively motivated behavior in the olfactory
bulbectomy syndrome. Physiol Behav 1999;67:41–7.

[66] Stock HS, Hand GA, Ford K, Wilson MA.  Changes in defensive behaviors follow-
ing  olfactory bulbectomy in male and female rats. Brain Res 2001;903:242–6.

[67]  Nesterova IV, Bobkova NV, Medvinskaya NI, Samokhin AN, Aleksandrova IY.
Morphofunctional state of neurons in the temporal cortex and hippocampus
in  relation to the level of spatial memory in rats after ablation of the olfactory
bulbs. Neurosci Behav Physiol 2008;38:349–53.

[68] Ostrovskaya RU, Gruden MA,  Bobkova NA, Sewell RD, Gudasheva TA, Samokhin
AN, et al. The nootropic and neuroprotective proline-containing dipeptide
noopept restores spatial memory and increases immunoreactivity to amyloid
in  an Alzheimer’s disease model. J Psychopharmacol 2007;21:611–9.

[69] Hozumi S, Nakagawasai O, Tan-No K, Niijima F, Yamadera F, Murata A, et al.
Characteristics of changes in cholinergic function and impairment of learning
and memory-related behavior induced by olfactory bulbectomy. Behav Brain
Res 2003;138:9–15.

[70] Kameyama T, Ukai M,  Shinkai N. Ameliorative effects of tachykinins on
scopolamine-induced impairment of spontaneous alternation performance in
mice. Methods Find Exp Clin Pharmacol 1998;20:555–60.

[71] Hasenohrl RU, Souza-Silva MA,  Nikolaus S, Tomaz C, Brandao ML,  Schwarting
RK,  et al. Substance P and its role in neural mechanisms governing learning,
anxiety and functional recovery. Neuropeptides 2000;34:272–80.

[72] Acsady L, Katona I, Gulyas AI, Shigemoto R, Freund TF. Immunostaining for
substance P receptor labels GABAergic cells with distinct termination patterns
in  the hippocampus. J Comp Neurol 1997;378:320–36.

[73] Ogier R, Wrobel LJ, Raggenbass M.  Action of tachykinins in the hippocam-
pus: facilitation of inhibitory drive to GABAergic interneurons. Neuroscience
2008;156:527–36.

[74] Ogier R, Raggenbass M.  Action of tachykinins in the rat hippocampus: modu-
lation of inhibitory synaptic transmission. Eur J Neurosci 2003;17:2639–47.

[75] Yan TC, McQuillin A, Thapar A, Asherson P, Hunt SP, Stanford SC, et al. NK1
(TACR1) receptor gene ‘knockout’ mouse phenotype predicts genetic associa-
tion  with ADHD. J Psychopharmacol 2010;24:27–38.

[76] McCutcheon JE, Fisher AS, Guzdar E, Wood SA, Lightman SL, Hunt SP.
Genetic background influences the behavioural and molecular consequences
of neurokinin-1 receptor knockout. Eur J Neurosci 2008;27:683–90.

[77] File SE. Anxiolytic action of a neurokinin1 receptor antagonist in the social
interaction test. Pharmacol Biochem Behav 1997;58:747–52.

[78] Brocco M, Dekeyne A, Mannoury la Cour C, Touzard M,  Girardon S, Veiga S, et al.
Cellular and behavioural profile of the novel, selective neurokinin1 receptor
antagonist, vestipitant: a comparison to other agents. Eur Neuropsychophar-
macol 2008;18:729–50.

[79] Frisch P, Bilkei-Gorzo A, Racz I, Zimmer A. Modulation of the CRH system
by  substance P/NKA in an animal model of depression. Behav Brain Res
2010;213:103–8.

[80] Hellweg R, Zueger M,  Fink K, Hortnagl H, Gass P. Olfactory bulbectomy in mice
leads to increased BDNF levels and decreased serotonin turnover in depression-
related brain areas. Neurobiol Dis 2007;25:1–7.

[81] Lumia AR, Teicher MH,  Salchli F, Ayers E, Possidente B. Olfactory bulbectomy
as a model for agitated hyposerotonergic depression. Brain Res 1992;587:
181–5.

[82] van der Stelt HM,  Breuer ME,  Olivier B, Westenberg HG. Permanent deficits in
serotonergic functioning of olfactory bulbectomized rats: an in vivo microdial-
ysis study. Biol Psychiatry 2005;57:1061–7.

[83] Redmond AM, Kelly JP, Leonard BE. Behavioural and neurochemical effects of
dizocilpine in the olfactory bulbectomized rat model of depression. Pharmacol
Biochem Behav 1997;58:355–9.

[84] Connor TJ, Song C, Leonard BE, Anisman H, Merali Z. Stressor-induced alter-
ations in serotonergic activity in an animal model of depression. Neuroreport
1999;10:523–8.

[85] Saitoh A, Yamaguchi K, Tatsumi Y, Murasawa H, Nakatani A, Hirose N, et al.
Effects of milnacipran and fluvoxamine on hyperemotional behaviors and the
loss  of tryptophan hydroxylase-positive cells in olfactory bulbectomized rats.
Psychopharmacology (Berl) 2007;191:857–65.


