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Genome-wide screening and positional cloning have linked neuropeptide S receptor 1 (NPSR1) with
asthma and airway hyperresponsiveness. However, the mechanism by which NPSR1 regulates pul-
monary responses remains elusive. Because neuropeptide S and its receptor NPSR1 are expressed in
brain regions that regulate respiratory rhythm, and Npsr1-deficient mice have impaired stress and anxi-
ety responses, we aimed to investigate whether neuropeptide S and NPSR1 regulate respiratory function
through a central-mediated pathway. After neuropeptide S intracerebroventricular administration, res-

Il:?s' l‘;"i‘;:isc';n piratory responses of wildtype and Npsri-deficient mice were monitored by whole-body or invasive
Brain plethysmography with or without serial methacholine inhalation. Airway inflammatory and hyperre-

sponsiveness were assessed in allergen-challenged (ovalbumin or Aspergillus fumigatus) Npsr1-deficient
Neuropeptide S receptor 1 mice. Analysis of breathing patterns by whole-body plethysmography revealed that intracerebroventric-
Panting ular neuropeptide S, as compared with the artificial cerebral spinal fluid control, increased respiratory
Stress frequency and decreased tidal volume in an NPSR1-dependent manner but did not affect enhanced pause.
Following serial methacholine inhalation, intracerebroventricular neuropeptide S increased respiratory
frequency in wildtype mice, but not in Npsri1-deficient mice, and had no effect on tidal volume. Intracere-
broventricular neuropeptide S significantly reduced airway responsiveness to methacholine as measured
by whole-body plethysmography. Npsr1 deletion had no impact on airway inflammation or hyperre-
sponsiveness in ovalbumin- or A. fumigatus-induced experimental asthma. Our results demonstrate that
neuropeptide S and NPSR1 regulate respiratory function through a central nervous system-mediated
pathway.

Neuropeptide S

© 2010 Elsevier Inc. All rights reserved.

1. Introduction

Asthma is a complex disease involving the interaction of envi-
ronmental factors and genetic susceptibility. Through genomic
scanning and positional cloning, a series of genes including neu-
ropeptide S receptor 1 (NPSR1, also called GPRA or GPR154) have
been identified as asthma susceptibility genes [13,23]. Single
nucleotide polymorphisms (SNPs) and haplotypes of the NPSR1
gene have been associated with asthma or airway hyperrespon-
siveness (AHR) in Finnish, Canadian, Italian, Chinese, German,
European-American, and Hispanic populations [4,10,14,16,20,35].
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The NPSR1 gene encodes for a G protein-coupled receptor, and an
Asn/Ile'07 SNP in the first extracellular loop of NPSR1 has been
associated with increased asthma susceptibility [16]. However, the
functional role of NPSR1 in asthma pathogenesis is still unclear.
Mouse NPSR1 shows high amino acid similarity to human NPSR1
and conserves 1le!%7. Allen et al. used an Npsr1 gene-targeted
mouse, in which exon 4 containing Ile1%7 was deleted, to assess the
role of NPSR1 in asthma development [1]. They found no evidence
that NPSR1 contributed to asthma development in an ovalbu-
min (OVA)-induced experimental asthma model or LPS-mediated
airway inflammation model. However, they also did not detect pul-
monary expression of NPSR1 in healthy individuals or asthmatic
patients or of Npsr1 in OVA-sensitized, saline-challenged or OVA-
challenged mice by real-time PCR. These results are in contrast to
the initial findings by Laitinen et al., who used an OVA sensiti-
zation model (OVA in combination with Stachybotrys chartarum)
and found pulmonary upregulation of Npsr1 in mice with allergic
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lung disease [16]. Although implicated in human and murine mod-
els of asthma, the lack of evidence for a functional role of NPSR1
in a known immunological or asthmatic pathway raises questions
about its contribution to asthma and the mechanism by which it
may operate.

In humans, the Asn/lle!%7 SNP in NSPR1 gene is associated
with panic disorder in male patients of Japanese ancestry [24].
Interestingly, neuropeptide S (NPS), the endogenous ligand for
NPSR1, has been reported as an important modulator of anxiety
in rodents [17,28,30,32]. And our earlier study suggests that the
NPS/NPSR1 pathway is involved in stress and anxiety response
[34]. Clinical observations have provided evidence that there is
strong correlation of respiration change with stress response and
emotional diseases. For example, patients with panic disorder dis-
play enhanced respiratory variability compared to controls [21]
and chronic stress exacerbates the symptoms of asthmatic patients
[3,31]. Furthermore, Xu et al. have shown that Npsr1 and Nps
are located in the brain stem, limbic system, and/or cerebral cor-
tex, which establish basic respiratory rhythm [32,33]. In light of
these findings, we hypothesized that NPS and NPSR1 might oper-
ate through a central nervous system (CNS)-mediated pathway to
regulate respiratory function at baseline or in response to a cholin-
ergic stimulus (an inducer of airway responses that are typically
exaggerated in asthma).

In the present study, we use Npsri-deficient mice in which
exon 2 is deleted to investigate whether NPS alters respiratory
function at baseline or in response to methacholine challenge by
intracerebroventricular (ICV) administration of NPS and whether
this process is NPSR1-dependent. In addition, we confirm whether
NPSR1 is directly involved in affecting features of allergen-induced
experimental asthma, including AHR using the Npsri-deficient
mice which is different from the mice used in the study from Allen
et al. [1]. Experimental asthma is induced by OVA or Aspergillus
fumigatus challenge. Compared with conventional OVA model,
repeated intranasal challenge of A. fumigatus is a relatively chronic
model [5].

2. Methods
2.1. Mice

A novel strain of Npsri-deficient mice in which exon 2 was
deleted have been described in our previous paper [34]. Mice with
the genetic background of 129Sv/] x C57BL/6 were backcrossed
10 generations with BALB/c mice. In all studies, Npsri-deficient
(knock-out (KO)) mice were compared with sex- and age-matched
BALB/c wildtype (WT) mice, which were bred on-site. All of the mice
were housed as 4 mice with same sex per cage and maintained
under pathogen-free conditions and a 14h light/10h dark cycle
(lights on at 0600 h) with temperature (194 1°C) and humidity
(504 10%) controlled. The experiments were performed between
0900 and 1500 h. All procedures were approved by the Institutional
Animal Care and Use Committee of the Cincinnati Children’s Hos-
pital Research Foundation. The number of mice per group in each
test is given in the figure captions.

2.2. ICV administration of NPS

Cannulaimplantation and ICV injection were done as previously
described [34]. Each mouse was housed individually after cannula
implantation. Experiments were initiated following a 7-day recov-
ery period. For ICV injection, 3 pl of artificial cerebrospinal fluid
(aCSF at pH 7.4: NaCl 124 mM, KCl 3.0 mM, NaHCO3 26 mM, CaCl,
2.0mM, MgS0O4 1.0 mM, KH,PO4 1.25 mM, p-glucose 10.0 mM) or
1 nmol of NPS (Phoenix Pharmaceuticals, Inc., Burlingame, USA)

in 3 pl of aCSF were administered. ICV injection was conducted
under light isoflurane anesthesia. The injection was administered
over a period of 15s. To avoid backflow, the injection cannula was
left in place for another 60 s before being slowly withdrawn. Mice
were returned to their original cage immediately after injection and
awoke within 1 min. For these experiments, 4 mice were processed
at the same time.

2.3. Basal respiratory function before and after ICV
administration of NPS

Basal respiratory function was measured by whole-body
plethysmography (Buxco Electronics, Inc., Sharon, USA) [25] in
conscious, unrestrained mice as described in Fig. 1A. Settings
were: maximal expiration time (Te)= 10 s, minimal inspiration time
(Ti)=0.04s, minimal tidal volume (TV)=0.04ml, and value bal-
ance = 50%. Baseline measurements were made over a 5-min period
before NPS ICV injection. Five minutes after NPS ICV injection, res-
piratory measurements were taken again for a total testing span
of 60 min. The average values of respiratory frequency (breath per
min, BPM), tidal volume (ml/breath), and enhanced pause (Penh)
for each 2-min period were recorded. Minute ventilation (respi-
ratory frequency x tidal volume) (ml/min) was calculated, and the
values for the above parameters were plotted for every 10 min.

2.4. Methacholine-challenged respiratory function after ICV
administration of NPS

Respiratory response to methacholine challenge was measured
by whole-body plethysmography (Buxco Electronics, Inc., Sharon,
USA) as described in Fig. 2A. Baseline measurements were made
over a 5-min period before NPS ICV injection. The measurement of
respiratory response to methacholine challenge started 5 min after
ICV injection of NPS. Mice were serially exposed to increasing con-
centrations of aerosolized methacholine (Sigma-Aldrich, St. Louis,
USA) in PBS (0.8, 1.6, 3.2, 6.4, 12.8, and 25.6 mg/ml). Each dose of
methacholine was delivered for 3 min by inhalation via a DeVil-
biss Model 5500D-030 nebulizer (DeVilbiss Healthcare, Somerset,
USA), and Penh measurements were made for 5 min, starting 2 min
after completion of exposure to the aerosolized methacholine. The
average values for the 5-min period of respiratory frequency, tidal
volume, minute ventilation, and enhanced pause (Penh) were cal-
culated.

2.5. Methacholine-challenged airway resistance after ICV
administration of NPS

Seven days after the whole-body plethysmography,
methacholine-challenged airway resistance after NPS ICV injection
was measured using the flexiVent system (SCIREQ INC., Montreal,
Canada) [22]. Briefly, 20 min after ICV injection of 1 nmol NPS, the
mice were weighed and anesthetized with 150 mg/kg ketamine
mixed with 10 mg/kg xylazine. A tracheotomy was performed, and
a cannula was inserted. Mice were then exposed to aerosolized
PBS, followed by increasing concentrations of aerosolized metha-
choline (Sigma-Aldrich, St. Louis, USA) (6.25, 25 and 100 mg/ml).
Values for lung resistance were obtained at 5-s intervals for 3 min
after each methacholine challenge. The peak responses at each
methacholine concentration were used for data analysis.

2.6. Peripheral blood cell counting and flow cytometry

Peripheral blood cells were counted by Hemavet 950 (Drew Sci-
entific Inc., Dallas, USA), and CD3*, B220*, CD4*, CD8* cells in the
peripheral blood were analyzed by flow cytometry.
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Fig. 1. Role of NPS and NPSR1 in basal respiratory function. The protocol for measuring basal respiratory function in response to 1 nmol of NPS or aCSF ICV injection by
whole-body plethysmography in Npsri-deficient (KO) and wildtype (WT) mice is outlined in (A). Respiratory frequency (B), tidal volume (C), and enhanced pause (Penh)
(D) were recorded every 2 min, and the values were plotted for 10-min intervals (n = 8-9 mice for each group). Values are presented as mean + SEM. * p<0.05 and ** p<0.01
indicate the comparison of NPS- and aCSF-treated WT mice; * p<0.05 and *# p<0.01 indicate the comparison of NPS-treated WT and KO mice; ¥ p<0.05 and % p<0.01

indicate the comparison of aCSF-treated WT and KO mice.
2.7. Experimental asthma models

Asthma-like lung disease was induced by OVA or A. fumigatus as
previously described [36]. Mice were sacrificed 48 h following the
last OVA challenge or 18 h following the last Aspergillus challenge.
Bronchoalveolar lavage fluid (BALF), plasma, and left lung tissue
were harvested for assessments of airway responsiveness. Right
lung was harvested for RNA preparation.

2.8. BALF analysis

The mice were sacrificed by an intraperitoneal injection of
pentobarbital (sodium pentobarbital, 150 mg/kg; Vortech Pharma-
ceuticals, Ltd., Dearborn, USA). Immediately thereafter, BALF was
collected, and differential cell counts were determined as previ-
ously described [6].

2.9. Characterization of lung morphology

Hematoxylin and eosin (H&E), periodic acid-Schiff (PAS) or Mas-
son’s trichrome staining of the lung was performed as previously
described [6].
2.10. Measurement of serum total IgE

Total IgE in the serum from OVA- or Aspergillus-challenged mice

were determined by ELISA kit (BD Biosciences Pharmingen, San
Diego, USA).

2.11. Methacholine-challenged airway resistance after allergen
challenge

At 24 h after the last intranasal challenge with either saline
or OVA, or at 18h after the last intranasal challenge with
either saline or Aspergillus, airway resistance was measured
using the flexiVent system (SCIREQ INC., Montreal, Canada)
exposed to aerosolized PBS, followed by aerosolized methacholine
(37.5 mg/ml) (Sigma-Aldrich, St. Louis, USA) [22].

2.12. Reverse transcription polymerase chain reaction (RT-PCR)

mRNA expression in the lung and brain of saline- or
OVA-challenged Npsri-deficient and WT mice were examined
using RT-PCR. The primers used in the PCR reaction are
indicated below: full-length Npsr1 (1300bp product), sense
5'-TCGTCAGGCAGAACTCTTCA-3' specificto 5UTR and antisense 5'-
ATCTGCTAGGTGAGGCAGGA-3’ specific to 3'UTR; Npsr1 short frag-
ment (137 bp product), sense 5'-GGCTCATCTCTAAGGCAAAAATCA-
3’ specific to exon 8 and antisense 5'-ACGCTCCTTGGTGTCTGGAA-3'
specific to exon 9.

2.13. Statistical analysis

Values were presented as mean & SEM. The significance of dif-
ferences between experimental groups was analyzed using paired
Student’s t-tests. Significance was set at p < 0.05.

Please cite this article in press as: Zhu H, et al. The role of neuropeptide S and neuropeptide S receptor 1 in regulation of respiratory
function in mice. Peptides (2011), doi:10.1016/j.peptides.2010.12.002



dx.doi.org/10.1016/j.peptides.2010.12.002

G Model
PEP-68252; No.of Pages8

4 H. Zhu et al. / Peptides xxx (2011) XxX—XXX
A B =en -8- WT-CSF
, _ ) € 550 -e- KO-CSF
Measurement of methacholine-challenged respiratory function £ 5004 - WT-NPS
Q 450 -e— KO-NPS
NPS @ 4004
ICV > 3501
g 3004
| Smin | Smin 7 min | 7 min 7min 7min 7 min g 250
— i T N N T 4 g 2004
Mossiring 08 16 32 64 128 256 u. 150 T J 1
for 5min : : ’ : : : 1 100
Aerosolized methacholine (mg/ml) inhalation
Measuring for Smin for each dose
=
c
[
C o
-8- WT-CSF
: -0- KO-CSF
3 # - WT-NPS
® —o— KO-NPS 100
=
YT 0.5+
g 10 -
.‘_E-L E 041
w o
E 5 £
a 2
2 =]
w >
1] =
14 i — ©
¢ _— Z 0.1
PBS 6.25 25 100 =
Methacholine (ma/ml) 0.0 T T 1
0 1 10 100

Methacholine (mg/ml)

Fig. 2. Role of NPS and NPSR1 in methacholine-challenged respiratory function. The protocol for using barometric plethysmography to measure methacholine-induced
changes in respiratory function after 1 nmol of NPS or aCSF ICV injection in Npsr1-deficient (KO) and wildtype (WT) mice is outlined (A). Respiratory frequency, tidal volume,
and enhanced pause (Penh) were assessed in response to methacholine challenge (0.8, 1.6, 3.2, 6.4, 12.8, and 25.6 mg/ml) 5 min after 1 nmol of NPS ICV injection (B). Airway
resistance in response to methacholine challenge (6.25, 25, and 100 mg/ml) 20 min after 1 nmol of NPS ICV injection was measured using the flexiVent system (n=11-14
mice for each group) (C). Values are presented as mean+ SEM. * p<0.05 and ** p<0.01 indicate the comparison of NPS- and aCSF-treated WT mice; # p <0.05 indicates the
comparison of NPS-treated WT and KO mice; $ p<0.05 indicates the comparison of aCSF-treated WT and KO mice.

3. Results
3.1. Role of NPS and NPSR1 in basal respiratory function

Based on the fact that Nps and Npsr1 are expressed in the brain
regions that are responsible for establishing respiratory rhythm
[32,33], we examined whether NPS and/or NPSR1 might have a
role in regulating basal respiratory function. Respiratory frequency,
tidal volume and Penh were evaluated by whole-body plethys-
mography in WT and Npsri1-deficient mice before and after ICV
administration of NPS or control aCSF (Fig. 1). Before ICV admin-
istration, respiratory frequency was similar between genotypes.
Mice of both genotypes had a reduction in frequency to approx-
imately 50% of the initial values at 10 min post-ICV aCSF injection
under isofluorane anesthesia. The frequency remained dampened
during the subsequent 50 min, and there was a greater decrease in
frequency in Npsri1-deficient mice than in WT mice at 20 min and
30 min. ICV NPS (1 nmol) significantly increased the dampened fre-
quency in WT, but not in Npsri-deficient mice, with a significant
difference between WT and Npsr1-deficient mice treated with NPS
at all time points studied (Fig. 1B). No difference was seen in tidal
volume between WT and Npsri-deficent mice before or after aCSF
ICV injection. However, ICV NPS decreased tidal volume in WT, but

not in Npsr1-deficient mice, with a significant difference between
NPS-treated WT and Npsri-deficient mice at 30 and 40 min post-
injection (Fig. 1C). Penh (Fig. 1D) and minute ventilation (data
not shown) were not affected by ICV NPS. Collectively, these data
demonstrate that Npsr1 is required for respiratory changes show-
ing increased frequency and decreased tidal volume induced by ICV
NPS at baseline.

3.2. Role of NPS and NPSR1 in methacholine-induced changes of
respiratory function

Methacholine, a cholinergic stimulus, induces airway constric-
tion that is a typical symptom of asthma. Next, we aimed to define
whether ICV administration of NPS attenuates methacholine-
induced AHR and whether this process is NPSR1-dependent. After
ICV injection of 1 nmol of NPS, the respiratory function was mea-
sured by whole-body plethysmography in Npsri-deficient and
WT mice exposed to methacholine (Fig. 2B). Our results show
that Npsrl deficiency prevented the ability of NPS to suppress
methacholine-induced decrease in respiratory frequency (upper
panel) and obscured the ability of NPS to decrease the Penh
response to methacholine by suppressing that response to the same
extentin the presence or absence of NPS (middle panel). In contrast,
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Table 1
Peripheral blood cell number and percent of T cells, B cells and T cell subsets in the peripheral blood of Npsr1-deficient mice.
WBC (K/uL) NE (K/pL) LY (K/pL) MO (K/pL) EO (K/pL) BA (K/pL) RBC (M/pL)
WT 6.47 + 0.65 1.51 £ 0.16 4.59 +0.53 0.33 &+ 0.06 0.03 + 0.01 0.01 + 0.01 8.39 + 0.36
KO 7.94 £+ 0.67 1.68 + 0.20 5.86 + 0.48 0.36 + 0.04 0.04 + 0.02 0.01 + 0.01 8.87 +£ 0.34
HGB (g/dL) PLT (K/pL) CD3 (%) B220 (%) CD4 (%) CD8 (%)
WT 13.96 + 0.49 647.38 + 45.79 34 +4.73 34 + 3.06 27 +2.96 14 +2.40
KO 14.24 + 0.53 654.13 + 28.51 30 +3.18 28 + 3.00 26 + 2.96 11 +£1.53

Data expressed as mean + SEM (n =38 for blood cell counting and n =3 for FACS).

Normal blood cell composition was assessed in the Npsri-deficient (KO) and wildtype (WT) mice (n=8 for each genotype). WBC, white blood cells; NE, neutrophils; LY,
lymphocytes; MO, monocytes; EO, eosinophils; BA, basophils; RBC, red blood cells; HGB, hemoglobin; PLT, platelets. Flow cytometry was used to analyze T cells, B cells and
T cell subtypes in the peripheral blood from WT and KO mice (n=3 for each genotype) using B220, CD3, CD4, and CD8 markers. These results are representative of three

independent experiments. Data represent the mean & SEM.

neither NPS treatment nor Npsr1 deficiency affected methacholine-
induced increase in tidal volume (lower panel). As measured with
a flexiVent apparatus, ICV NPS showed the trend of decreasing air-
way resistance in response to methacholine, but not significantly.
Npsr1 deficiency did not have any effect on airway resistance in
response to methacholine challenge (Fig. 2C).

3.3. Role of NPSR1 in allergen-induced experimental asthma

Because a previous study showed that Npsr1 was upregulated in
the lung of mice subjected to an OVA/S. chartarum mold model of
asthma [16], we evaluated the role of NPSR1 in standard allergen-
induced models of experimental asthma (OVA or Aspergillus). At
baseline, no difference in peripheral blood total or CD3*, B220",
CD4*, CD8* cell numbers was found between WT and Npsri-
deficient mice (Table 1). In the OVA-induced experimental asthma
model (Fig. 3A), there was no significant difference in total cell num-
ber or specific cell populations in BALF although all cell populations
trended lower in Npsri-deficient mice between OVA-challenged
WT and Npsri-deficient mice. The Npsr1 deficiency did not alter
the IgE level in the serum upon OVA challenge. OVA-induced air-
way mucus production, examined by PAS staining, and collagen
deposition, assessed by trichrome staining, was similar in the
Npsri-deficient and WT mice. Airway resistance in response to
37.5 mg/ml methacholine was not altered in the Npsri-deficient
mice compared with WT mice. Similar results were seen with an
A. fumigatus model of asthma (Fig. 3B): Npsr1 deficiency had no
impact on the BALF cell profile, serum IgE, airway mucus, lung col-
lagen, or methacholine-induced airway hyperreactivity. These data
demonstrate that Npsr1 does not have a dominant direct role in the
development of experimental asthma.

3.4. Npsrl expression in the murine lung and brain

Based on the above results, we examined Npsr1 expressionin the
lung. Northern blot analysis of several organs from untreated mice
and lung from saline- or OVA-challenged mice revealed the pres-
ence of detectable Npsr1 mRNA in the brain, whereas no specific
hybridization was noted in untreated lung, spleen, heart, kidney or
intestine nor in saline- or OVA-challenged lung (data not shown).
Subsequently, a more sensitive method, RT-PCR, was used to exam-
ine Npsr1 mRNA expression. Full-length Npsr1 (5 UTR forward
primer, 3’ UTR reverse primer) was highly expressed in the brain of
untreated WT mice, but not in the lung of saline-challenged or OVA-
challenged WT mice (Fig. 4A). Notably, the group who described
Npsr1 upregulation in the OVA/S. chartarum-challenged lung also
showed that the murine RAW 264.7 cell line expressed Npsr1 using
aPCR primer pair that amplifies sequence spanning exon 8 and exon
9 [16,26]. When we used the same primer pair to examine Npsr1
expression in the lung, a short Npsr1 fragment could be amplified in
some, but not in all, lung samples from saline- or OVA-challenged

WT mice (Fig. 4B). These results suggest that low levels of Npsri1
transcripts may exist in the lung of saline- or OVA-challenged WT
mice.

4. Discussion

In humans, the SNPs in the NPSR1 gene have been associated
with asthma phenotypes, including AHR. We examined Npsri-
deficient mice using two models of asthma. Consistent with a
previous study [1], we found that there were no differences in the
lung inflammation and respiration in response to allergen challenge
between WT and Npsr1-deficient mice, suggesting that NPSR1 is not
directly involved in experimental asthma development. Further,
our PCR results showed that Npsr1 has a very low level of expres-
sion in the basal or allergen-challenged lung, supporting that the
direct role of NPS/NPSR1 in the lung may be limited. Our results are
in contrast to the study from Laitinen et al. [ 16] which suggests that
NPSR1 is implicated in human asthma. One of the possible explana-
tions is that there may be species differences in biological function
of NPSR1 because our study is based in mice.

Studies from Xu et al. [32,33] showed that Nps and Npsr1
were mainly expressed in the brain stem, limbic system, and/or
cerebral cortex. These regions are involved in regulating respira-
tion, suggesting that NPS and NPSR1 have a role in this process.
Unrestrained whole-body plethysmography (Buxco system), a non-
invasive method, quantifies pulmonary physiological functions,
including respiratory frequency, tidal volume, and Penh, in con-
scious mice repeatedly [12,18]. However, many researchers have
criticized that Penh does not accurately measure airway resistance
[2,19]. Although the unrestrained whole-body plethysmography is
a useful tool to screen for the presence of respiratory dysfunc-
tion, it is not suitable to discriminate different mechanisms by
which altered patterns of breathing come about in the patients
with respiratory diseases [29]. The flexiVent system, an invasive
method, allows specific analysis of pulmonary mechanics. In our
study, we used these two methods to identify whether ICV NPS had
a direct mechanical effect on the airway or changed the respiratory
pattern through the CNS. Measured by whole-body plethysmog-
raphy, mice treated with ICV NPS showed increased respiratory
frequency, decreased Penh and no change in tidal volume following
methacholine exposure compared with aCSF-treated mice. How-
ever, ICV NPS did not change airway mechanics in response to
methacholine as measured by flexiVent, further supporting that
the ICV NPS-induced decrease in Penh in response to methacholine
is attributable to increased minute ventilation by ICV NPS.

NPSR1 has been associated with panic disorders in Japanese
males [24]. Besides recurrent spontaneous anxiety attacks, panic
disorders are dominated by respiratory symptoms such as hyper-
ventilation, a feeling of being smothered, and shortness of breath,
and respiratory dysregulation has been identified as a biological
marker for panic disorder [9,11]. Hypersensitivity of brainstem
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Fig. 3. Role of NPSR1 in OVA or Aspergillus (Asp)-induced experimental asthma. (A) OVA-induced experimental asthma. Forty-eight hours after the final challenge, OVA- or
saline-challenged Npsr1-deficient (KO) and wildtype (WT) mice were assessed for BALF cell populations (n=7-10 for each group), serum IgE level (n=5-8 for each group),
mucus-secreting cells (n=4 for each group), and collagen deposition in the lung (n=4 for each group). Airway responsiveness to 37.5 mg/ml methacholine was assessed by
flexiVent 24 h after the final OVA challenge (n = 6-8 mice for each group). Data are representative of one of three experiments. Values are presented as mean + SEM. * p <0.05
and *** p<0.001 indicate the comparison of OVA-treated and saline-treated WT mice; * p<0.05 and #*## p<0.001 indicate the comparison of OVA-treated and saline-treated
KO mice. (B) Aspergillus-induced experimental asthma. Eighteen hours after Npsr1-deficient (KO) and wildtype (WT) mice received a final challenge with Aspergillus or saline,
BALF cell populations (n=7-8 for each group), serum IgE level (n=5-6 for each group), mucus-secreting cells (n=4 for each group), collagen deposition in the lung (n=4
for each group), and airway responsiveness to 37.5 mg/ml methacholine by flexiVent (n=8-9 mice for each group) were evaluated. Data are representative of one of three
experiments. Values are presented as mean =+ SEM. * p<0.05 and *** p<0.001 indicate the comparison of Aspergillus-treated and saline-treated WT mice; # p<0.05 and ###
p<0.001 indicate the comparison of Aspergillus-treated and saline-treated KO mice.
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Fig. 4. Npsr1 expression in the mouse lung and brain. PCR amplification of full-length Npsr1 in the lung of OVA- or saline-challenged WT mice and the brain of untreated
WT mice. Full-length Npsr1 was not found in the OVA- or saline-challenged lung (A). PCR amplification of a short Npsr1 fragment in the lung of OVA- or saline-challenged
WT mice using primer pair specific for exon 8 and exon 9. A short fragment of Npsr1 was found in some lung samples of OVA- or saline-challenged WT mice (B). The B-actin
expression for each set of PCR is shown as control. M indicates standard molecular marker. These results are representative of one of three experiments.

nuclei regulating respiratory activity has been proposed in patients
with panic disorder [7]. Our study demonstrated that ICV NPS could
increase respiratory frequency in an NPSR1-dependent manner at
baseline or in response to methacholine challenge. In addition,
our earlier study showed that ICV NPS induced hyperlocomotion,
increased exploration, and plasma corticosterone release in WT
mice, but not in Npsri-deficient mice [34]. All these physiologi-
cal alterations triggered by ICV administration of NPS are part of
the typical fight-or-flight response, an adaptive response to dan-
ger. It is suggested that respiratory change triggered by ICV NPS
is a psychophysiological activity in response to stress. As such, we
speculate that psychological triggers induce NPS/NPSR1-mediated
changes in respiration and anxiety, possibly modulating asthma
symptoms. Further studies are needed to examine the expression
of NPS and NPSR1 in the brain in a model of stress. Experimen-
tal and clinical evidence has emerged that there is an association of
changes in respiration with psychological stress and emotional dis-
eases. Experimental exposure to emotional stimuli has been shown
to increase respiratory resistance in asthma [27]. Chronic stress can
exacerbate the symptoms of asthmatic patients [3,31]. It will be
interesting to define what role -NPS/NPSR1 have in the exacerba-
tion of asthma by chronic stress as we have shown that NPS/NPSR1
signaling regulates stress and anxiety responses [34].

Our study is limited by testing a dose of ICV NPS (1 nmol) that is
indeed a pharmacological dose because our previous paper showed
that 1 nmol of ICV NPS had the best effect on anxiety, locomo-
tion and exploration compared with 0.1 and 10 nmol of ICV NPS
[34]. In addition, the identified effect of NPS on respiratory fre-
quency was conducted using whole-body plethysmography, and
the confinement chamber may have anxiety-promoting effects.
However, it is notable that the effect of NPS on respiration is
NPSR1-dependent, providing evidence that the triggered pathway
is specific to NPS/NPSR1.

It has not escaped our attention that the ICV NPS-induced
increase in respiratory frequency and decrease in tidal volume
resembles the respiratory panting behavior observed during hyper-
thermia [8] and mechanical associated high frequency ventilation
that is clinically used to treat lung injury [15]. It will be inter-
esting to determine whether natural panting responses may be
NPS/NPSR1 dependent. Thus, our results have implications for
potentially understanding the responses to mechanical associated
high frequency ventilation.

Taken together, our studies have demonstrated that the direct
role of NPSR1 in the development of experimental asthma is limited
and that the effect of NPS/NPSR1 on respiratory changes is likely
mediated via a CNS-mediated pathway, providing a pathway that
connects respiratory and stress responses.
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