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Tachykinin NK3-receptor deficiency does not inhibit pulmonary
eosinophilia in allergic mice
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Abstract

Tachykinins are important in the development of pulmonary inflammation in mice but the tachykinin receptor subtype mediating this
response has not been defined. To elucidate the role of tachykinin NK3-receptors on allergen-induced pulmonary inflammation, studies were
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erformed on ovalbumin (OVA) sensitized and challenged mice with genetic disruption of the tachykinin NK3-receptor (NK3 ). Aeroso
VA (0.5%) challenge produced eosinophil influx into the bronchoalveolar lavage fluid and lung tissue, goblet cell hyperplasia an

o the airway epithelium of both NK3−/− mice and in wild type control mice (NK3+/+). There was no difference in the magnitude of th
llergic inflammatory pulmonary responses between NK3

−/− and NK3
+/+ mice. These results find no role for tachykinin NK3-receptors o

he pulmonary eosinophilia and lung damage after antigen challenge in mice.
2004 Elsevier Ltd. All rights reserved.
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. Introduction

Tachykinins represent a family of peptide neurotransmit-
ers that include substance P (SP), neurokinin A (NKA)
nd neurokinin B (NKB). Tachykinins bind to three phar-
acologically distinct receptor subtypes termed tachykinin
K1-, NK2- and NK3-receptors with SP binding preferen-

ially to the tachykinin NK1-receptor, NKA binding pref-
rentially to the tachykinin NK2-receptor and NKB bind-

ng preferentially to the tachykinin NK3-receptor [1–3].
achykinins have a number of important effects in the lungs

ncluding airway smooth muscle contraction, airway blood
essel dilation, increased microvascular permeability, in-
reased mucus gland secretion and augmentation of neuro-
ransmission in airway cholinergic nerves[2,4]. Tachykinins
lso recruit and activate inflammatory cells in the airway
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[5,6] and in a recent study in allergic mice, inhalation
aerosolized SR 142801, a tachykinin NK3-receptor antag
onist, inhibited the influx of inflammatory cells, includi
eosinophils into the bronchoalveolar lavage fluid after a
gen challenge[7]. These results suggest an involvem
of tachykinin NK3-receptors in allergen-induced inflamm
tory cell recruitment into the lungs. However, this has
been validated with other tachykinin NK3-receptor antago
nists. Furthermore, locally high concentrations of SR 142
which may be present after its inhalation, may have p
macological effects that are totally unrelated to inhibi
of the tachykinin NK3-receptor as in vitro studies demo
strate inhibitory effects of SR 142801 on tachykinin N1-
and NK2-receptors and this compound also possess
binding activity to opiod receptors and Na+ and Ca++
channels[8–10].

In the present study, a tachykinin NK3-receptor deficien
mouse (NK3−/−) was used to define the role of tachyki
NK3-receptors on pulmonary eosinophilic inflammation,
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ithelial damage, and increase in mucus-secreting cells in the
airway epithelium after antigen challenge.

2. Materials and methods

2.1. Animals

The NK3 deficient mice were generated in 129sv X
C57B1/6J strains in the following manner. Two BAC clones
encompassing the murine NK3 genomic locus were identi-
fied from a mouse 129sv-derived embryonic stem (ES) cell
library using a probe corresponding to the first 300 bp of the
cDNA sequence (Genbank AccessionAF23341). Fragments
of these BACs containing murine NK3 coding sequence
were identified by hybridization with the full-length NK3
cDNA.

A targeting vector was constructed in the pOSDupDel
vector (O. Smithies, University of North Carolina, Chapel
Hill, NC, USA). The targeting vector included approximately
8.5 kb of genomic DNA starting from the promoter region. In
the targeting vector exon I was replaced with the neomycin
resistance (NEO) gene. This resulted in the removal of se-
quence from the start codon through the third transmembrane
domain.
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detect NK3 expression by radioligand binding failed to do
so in wild-type mice (likely due to low expression level).
All mice were maintained under specific pathogen-free
conditions.

2.2. Sensitization, antigen challenge and collection of
tissues and fluids

Mice were sensitized by intraperitoneal (i.p.) injection of
15�g ovalbumin (OVA, Sigma, St. Louis, MO) absorbed onto
2 mg of aluminum gel (alum; Reheis, Berkeley Heights, NJ,
USA). Non-sensitized mice received i.p. injection of alum
only. On day 5, the mice were given a booster injection of the
same antigen or alum, i.p. Twelve days after sensitization,
the mice were challenged with aerosolized OVA (0.5%) that
was generated by an ultrasonic nebulizer (DeVilbiss, Som-
erset, PA, USA; model Ultra-Neb 99). The aerosol was cir-
culated through a large plexiglass chamber and mice were
placed into the chamber for 1 h in the morning and for the
same period of time in the afternoon (6 h apart) of a sin-
gle day. Forty-eight hours after the OVA challenge, the mice
were sacrificed by CO2 inhalation, the trachea catheterized
and two separate 0.3 ml aliquots of isotonic saline were in-
jected and withdrawn from the tracheal cannula. The total
cell counts of this bronchoalveolar (BAL) sample were per-
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This targeting vector was linearized byNot I restriction di-
estion and electroporated into ES cells. Neomycin-resi
S cell clones were screened for homologous recombin
y PCR and Southern blot analysis.

Five NK−3 targeted clones were injected into C57B
lastocysts (Jackson Labs, Bar Harbor, ME). Chim

rom two clones were mated with C57Bl/6J females
ransmitted the targeted NK−3 allele to their offspring. He
rozygous mice were bred and live offspring of the expe
/+, +/− and−/− NK3 genotypes were identified using t
rimers HGf968 (5′-CTGTCATGTTGCTTTCTACTCC
′), HGr1824 (5′-CACCACTAAGCCATAGGC-3’) and
sdupr1583 (5′-TTCGCCAATGACAAAGACGCTGG-3′)
hich amplify a 856 bp fragment of the wt allele and a 60

ragment of the targeted allele. The null phenotype
onfirmed by RT-PCR analysis of NK3 RNA expression from
ice. Total RNA was isolated from the brains of either
r NK−3 deficient mice (RNEasy Isolation Kit, Qiagen, V

encia, CA). One-step RT-PCR (Invitrogen, Bethesda, M
as carried out using the following oligonucleotide prim
airs. C0046 (5′-GGTAAACCTGGCTTTCTCCGAC-3′)
nd C0047 (5′-GGGATGAAACCTGGTGGTCTTG-3′)
mplify an 810 bp product only from wt mice. OSDup
5′-GCCTTCTATCGCCTTCTTGACGAG-3′) and R764
5′-AATACCATCGTTGAAAGGGTCC-3′′) amplify an
50 bp product only from NK3-deficient mice comprisin

he junction of the inserted neomycin resistance gene
ntron I of the NK3 gene. RNA loading was monitored
mplification of�-actin RNA (primers from BD Bioscience
lontech, Palo Alto, CA). Note that expression anal
as used to confirm the null phenotype since attemp
ormed by hemocytometry. Slides were prepared on a S
on Cytospin 3 (Shandon, Pittsburgh, PA, USA) at 250

or 10 min, fixed with methanol and stained with Hem
Fisher Scientific, Pittsburgh, PA, USA). Differential cou
n at least 200 cells were done to enumerate the eosin

n each sample.
For the histopathological evaluation of lung tiss

he lungs were perfused in situ by flushing the
onary vasculature with buffered saline and fixed in 1
hosphate-buffered formalin. Paraffin sections of the

issues were then stained with either hematoxylin-eosi
osinophil identification or periodic acid-Schiff/alcin b
tain (PAS/AB) for goblet cell identification[11]. Using five
andom areas, the number of eosinophils in peribron
nd alveolar regions were counted at 400× magnification
he number of PAS-staining goblet cells was enumer

n a unit length (250�m) of airway mucosal layer. Dam
ge to the airway epithelium and presence of mucus i
irway lumen were semi-quantitatively graded with num

cal scores from 0 to 3 (0: none, 1: slight, 2: moderate
evere).

.3. Statistical analysis

Data are presented as the mean of group± SEM. Sta
istically significant effects between the different treatm
roups were determined by ANOVA/t-test procedures o
tatView Program (Abacus Concepts Inc., Berkeley,
SA). A P-value less than 0.05 was accepted as statisti
ignificant.
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2.4. Animal care and use

This study was conducted with prior approval from the An-
imal Care and Use Committee of Schering-Plough Research
Institute, which is a facility accredited by the American Asso-
ciation of Animal and Laboratory Animal Care (AAALAC).

3. Results

3.1. Identification of NK3 KO mice

Brains were removed from mice after the completion of
experiments and the phenotype was confirmed by monitoring
the expression of tachykinin NK3 receptor RNA as described
in Section 2. Representative results are shown inFig. 1. Total
RNA isolated from each mouse was subjected to one-step
RT-PCR analysis using primer pairs that detected either the
wild-type NK3 (C0046/C0047), or the disrupted locus (OS-
DupFA/R764) or�-actin. Shown inFig. 1, the wild-type NK3
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product was detected in three of the mice while the expected
disrupted product was detected in the other three mice. Am-
plification of �-actin indicated that the RNA loaded in each
reaction was similar. RT-PCR analysis also indicated that
there was equivalent expression of tachykinin NK1 and NK2
receptor RNA in both NK3+/+ and NK3

−/− mice (data not
shown).

3.2. Studies involving NK3 KO mice

OVA challenge to sensitized, wild type (NK3
+/+) mice

increased the number of total cells and eosinophils appearing
in the BAL fluid compared to values seen in non-sensitized
NK3

+/+ mice (Fig. 2). The magnitude of the OVA-induced
increase in total cells and eosinophils in NK3

−/− mice was
similar to that seen in wild-type controls (Fig. 2). OVA chal-
lenge to sensitized NK3+/+ mice increased the number of
eosinophils in the peribronchial and peribronchiolar regions
of the lung, produced slight damage to the airway epithelium
and increased the number of PAS+/AB+ cells in the bronchial
epithelium (Table 1). There were no differences between wild
type (NK3

+/+) and NK3-deficient mice (NK3−/−) in the
magnitude of the tissue eosinophilia, damage to the airway
epithelium or on the number of PAS positive staining cells
after OVA challenge to sensitized animals (Table 1).
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ig. 1. Identification of phenotype by NK3 RNA expression analysis. Total
NA isolated from mouse brains was subjected to RT-PCR (40 PCR cycles)
s described inSection 2. Three NK3

+/+ (lanes 2, 3 and 4) and three NK3
−/−

lanes 5, 6 and 7) mice were analyzed in this experiment. Primers identifying
he wild-type locus were used in part A, those identifying the knock-out
ocus were used in part B and primers for�-actin were used in part C. Lane

contains DNA size marker.

F ils in
t
V d
t

Baseline respiratory system resistance measured
orced oscillation technique[11] in non-sensitized NK3+/+
ice (0.81± 0.05 cmH2O ml−1 s−1) was not different from

esistance values in non-sensitized NK3
−/− mice (0.89±

.01 cmH2O ml−1 s−1). Furthermore, bronchoconstrictor
ctivity in these mice, measured as the dose of i.v. m
holine increasing respiratory system resistance by 1

ig. 2. Effect of OVA aerosol challenge on total cells and eosinoph
he BAL fluid of sensitized and non-sensitized NK3

+/+ and NK3
−/− mice.

alues represent mean± SEM (n = 9–12 per group). *,P < 0.05 compare
o non-sensitized mice.
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Table 1
Effect of OVA challenge on epithelial damage, tissue eosinophils and number of PAS+ mucus secreting cells in the airways of non-sensitized and sensitized
NK3

+/+ and NK3
−/− mice.

Genotype Sensitization Epithelial damagea Number of eosinophil/fieldb Number of PAS+-cellsc

Peribronchial Peribronchiolar

NK3
+/+ Non-sensitized 0.04± 0.04∗ 0.0 ± 0.0∗ 0.0± 0.0∗ 0.47± 0.22∗

Sensitized 0.60± 0.10 23.3 ± 3.9 7.2± 0.7 8.85± 1.58
NK3

−/− Non-sensitized 0.10± 0.0∗ 0.0 ± 0.0∗ 0.0± 0.0∗ 0.37± 0.17∗
Sensitized 0.65± 0.1 28.0 ± 5.1 10.6± 2.4 7.43± 1.79

a Epithelial damage was graded numerically (0: none, 1: slight, 2: moderate, 3: severe).
b Number of eosinophils per high power field (400×).
c Number of PAS+ cells per 250�m epithelium. Values represent mean± SEM (n = 10 per group).
∗ P < 0.05 compared to sensitized, NK3

+/+ mice.

over baseline (PD100), was not different between NK3+/+
(PD100 = 0.24± 0.03 mg kg−1) and NK3

−/− (PD100 = 0.25
± 0.02 mg kg−1) mice.

4. Discussion

The results in this study find no difference in the mag-
nitude of the pulmonary eosinophilia, damage to the air-
way epithelium and increase in mucus secreting cells in the
airways in sensitized, ovalbumin-challenged NK3

−/− mice
compared to that seen in the wild type control mice. These
results do not support the hypothesis that tachykinin NK3-
receptors are important for the development of lung inflam-
mation and inflammatory cell recruitment into the airways
of antigen-challenged mice as was suggested in a study in-
volving the tachykinin NK3-receptor antagonist, SR 142801
[7].

Genetically targeted transgenic and knock-out mice are
often used to evaluate the role of inflammatory mediators in
disease processes[12,13] and, in general, represent an ex-
cellent method to upregulate or disrupt the function of the
mediator in question. For example, gene-targeted disruption
of the tachykinin NK1-receptor in mice has been used as a
means of defining an important role for the tachykinin NK1-
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and bronchoconstrictor reactivity to methacholine compared
to that seen in the wild type control mice.

In a previous study in mice that were sensitized and chal-
lenged with aerosolized ovalbumin, Nénan et al[7] found
that treatment of these mice with inhaled SR 142801, a
tachykinin NK3-receptor antagonist, inhibited the pulmonary
eosinophilia due to antigen challenge. However, the interpre-
tation of these results is not entirely clear, as there are ques-
tions as to the selectivity of this compound for the tachykinin
NK3-receptor subtype. SR 142801 also possesses antagonist
activity at both tachykinin NK1- and NK2-receptors and it
also binds to�-opioid receptors and Na+ and Ca++ channels
[8–10]. Therefore, it is uncertain if locally high concentra-
tions of the drug in the lung, which is a condition that might
exist after inhalation of the drug, will produce its pharma-
cological effect through mechanisms unrelated to inhibition
of the tachykinin NK3-receptor. Furthermore, the expression
of tachykinin NK3-receptor mRNA has not been demon-
strated in peripheral tissues, including the lung[16] and
the tachykinin NK3-receptor subtype has only been demon-
strated on neural tissue[1–3]. To investigate the role of the
tachykinin NK3-receptor on allergen-induced inflammatory
responses in murine lungs in more detail, we used the geneti-
cally engineered tachykinin NK3-receptor knock-out mice to
measure the magnitude of the pulmonary eosinophilia in the
B the-
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s n the
m ck-out
m
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n
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eceptor on immune complex-induced inflammation in
ungs[13], inflammatory cell influx caused by injection
L-1� [12] and on contractile responses of murine air
mooth muscle to antigen[14] and electrical field stimulatio
15]. In this study, targeted depletion of the tachykinin N3-
eceptor was performed in mice and disruption of the g
xpressing the tachykinin NK3-receptor was confirmed b
he fact that no mRNA for this tachykinin receptor was fo
n the NK3

−/− mice but was found in the wild-type contro
here was, however, mRNA for tachykinin NK1- and NK2-
eceptors detected in the brains of the NK3

−/− mice indicat-
ng that the targeting vector was selective for the tachyk
K3-receptor subtype. In addition, no detectable differe
as observed in the level of NK1 and NK2 mRNA between
K3

+/+ and NK3
−/− mice. These mice appear healthy,

ertile and show no difference in baseline pulmonary func
AL fluid and lung tissue, the damage to the airway epi
ium and the number of PAS positive mucus secreting ce
he airway of sensitized and antigen-challenged mice. O
ults show that quantitatively there were no differences i
agnitude of each of these parameters between the kno
ice and the wild-type controls.
Tachykinins are the primary mediators producing

eurogenic inflammatory response[1–6] with the tachykinin
K1-receptor as the dominant receptor subtype invo
ith this response[12,13,17–20]. Neurogenic inflammatio
ccurs in murine airways after antigen challenge and
esponse involves the tachykinin NK1-receptor subtyp
17]. Indeed, pretreatment of these allergic mice wit
achykinin NK1-receptor antagonist inhibited the influx
eukocytes into the BAL fluid and lungs following antig
hallenge[17]. In addition, it was shown in this study th
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NK1-receptors were indeed upregulated by induction of an
inflammatory response. It is possible that after sensitization
and challenge, the tachykinin NK1-receptor expression may
be even more upregulated in the absence of tachykinin
NK3-receptors which may offset an effect of NK3-receptor
deficiency. However, our findings would suggest that even if
this were the case the overall contribution of the tachykinin
NK3-receptor to immune inflammation in murine lungs is
minimal at best.
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[13] Bozic CR, Lu B, Ḧopken UE, Gerard C, Gerard NP. Neuro-
genic amplification of immune complex inflammation. Science
1996;273:1722–5.

[14] DeSwert K, Lefebvre RA, Pauwels RA, Joos GF. Role of choliner-
gic and sensory nerves in ovalbumin-induced contraction of mouse
trachea. Am J Respir Crit Care Med 2002;165:A720.

[15] Tournoy KG, DeSwert KO, Ledere PG, Lefebvre RA, Pauwels RA,
Joos GF. Modulatory role of tachykinin NK1 receptor in cholinergic
contraction of mouse trachea. Eur Respir J 2003;21:3–10.

[16] Bai TR, Zhou D, Weir T, Walker B, Hegele R, Hayashi S, et al. Sub-
stance P (NK1)- and neurokinin A (NK2)-receptor gene expression
in inflammatory airway diseases. Am J Physiol 1995;269:L309–17.

[17] Kaltreider HB, Ichikawa S, Byrd PK, Ingram DA, Kishiyama JL,
Sreedharan SP, et al. Upregulation of neuropeptides and neuropep-
tide receptors in a murine model of immune inflammation in lung
parenchyma. Am J Respir Cell Mol Biol 1997;16:133–44.

[18] Vianna RMJ, Calixto JB. Characterization of the receptor and the
des-

[ of
ced
un-
159:

[ K
neu-
Res
[5] Numao T, Agrawal DK. Neuropeptides modulate human eosino
chemotaxis. J Immunol 1992;149:3309–15.

[6] Kraneveld AD, Nijkamp FP. Tachykinins and neuro-immune in
actions in asthma. Int Immunopharmacol 2001;1:1629–50.

[7] Nénan S, Germain N, Lagente V, Emonds-Alt X, Advenier C, B
chot E. Inhibition of inflammatory cell recruitment by the tachyki
NK3-receptor antagonist SR 142801 in a murine model of ast
Eur J Pharmacol 2001;421:201–5.

[8] Beaujouan J-C, Saffroy M, Torrens Y, Glowinski J. Potency
selectivity of the tachykinin NK3 receptor antagonist SR 1428
Eur J Pharmacol 1997;319:307–10.
mechanisms underlying the inflammatory response induced by
Arg9-BK in mouse pleurisy. Br J Pharmacol 1998;123:281–91.

19] Schuiling M, Zuidhof AB, Zaagsma J, Meurs H. Involvement
tachykinin NK1 receptor in the development of allergen-indu
airway hyperreactivity and airway inflammation in conscious,
restrained guinea pigs. Am J Respir Crit Care Med 1999;
423–30.

20] Baluk P, Bertrand C, Geppetti P, McDonald DM, Nadel JA. N1
receptor antagonist CP-99994 inhibits cigarette smoke-induced
tophil and eosinophil adhesion in rat tracheal venules. Exp Lung
1996;22:409–18.


	Tachykinin NK3-receptor deficiency does not inhibit pulmonary eosinophilia in allergic mice
	Introduction
	Materials and methods
	Animals
	Sensitization, antigen challenge and collection of tissues and fluids
	Statistical analysis
	Animal care and use

	Results
	Identification of NK3 KO mice
	Studies involving NK3 KO mice

	Discussion
	Acknowledgement
	References


