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Abstract

Background: Continuous positive airway pressure (CPAP) in preterm infants is initially 

beneficial, but animal models suggest longer term detrimental airway effects towards asthma. We 

used a neonatal CPAP mouse model and human fetal airway smooth muscle (ASM) to investigate 

the role of extracellular calcium sensing receptor (CaSR) in these effects.
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Methods: Newborn wild type and smooth muscle-specific CaSR−/− mice were given CPAP for 

7 days via a custom device (mimicking CPAP in premature infants), and recovered in normoxia 

for another 14 days (representing infants at 3–4 years). Airway reactivity was tested using lung 

slices, and airway CaSR quantified. Role of CaSR was tested using NPS2143 (inhibitor) or siRNA 

in WT mice. Fetal ASM cells stretched cyclically with/without static stretch mimicking breathing 

and CPAP were analyzed for intracellular Ca2+ ([Ca2+]i) responses, role of CaSR and signaling 

cascades.

Results: CPAP increased airway reactivity in WT but not CaSR−/− mice, increasing ASM CaSR. 

NPS2143 or CaSR siRNA reversed CPAP effects in WT mice. CPAP increased fetal ASM [Ca2+]I, 

blocked by NPS2143, and increased ERK1/2 and RhoA suggesting two mechanisms by which 

stretch increases CaSR.

Conclusions: These data implicate CaSR in CPAP effects on airway function with implications 

for wheezing in former preterm infants.

INTRODUCTION

Airway hyperreactivity is a common feature in asthma and wheezing disorders that represent 

major long-term morbidities in former preterm infants (1–3). Following premature birth and 

consequent immaturity of the pulmonary and respiratory systems, such infants are often 

administered supplemental O2 and/or some form of ventilatory support. While invasive 

mechanical ventilation was previously common, non-invasive nasal continuous positive 

airway pressure (CPAP) has become the primary mode of support for preterm infants with 

respiratory distress syndrome (3, 4). In this regard, early use of CPAP has been shown to 

be beneficial in promoting alveolar development, but longer term effects are not clear. In 

previous studies, using a neonatal mouse model of CPAP, we demonstrated that early CPAP 

results in sustained, long-term increase in airway reactivity even following discontinuation 

of CPAP and growth in normal oxygen concentrations (5). What is less clear are the 

underlying mechanisms that contribute to CPAP-induced airway hyperreactivity.

As throughout life, early postnatal bronchial airways undergo cyclical stretch via tethering 

parenchyma with added, externally imposed forces of CPAP. Bronchial airways of premature 

infants may be particularly susceptible to CPAP given greater compliance compared to 

term neonate or adult (6, 7) resulting in more stretch for the same CPAP. Thus, in the 

context of prematurity, signaling mechanisms in epithelium or ASM activated by stretch 

of CPAP may substantially influence airway structure and function. Previous data show 

stretch is important for in utero airway development, including for airway smooth muscle 

(ASM) (8, 9) and thus some level of stretch might be beneficial while “too much” stretch 

may be detrimental. There is currently little information on the role of developing ASM 

in responses of fetal/neonatal airways to stretch (5, 8–10). Given that the numbers of 

conducting airways are fixed at birth, factors that detrimentally influence ASM in the late 

fetal/early postnatal period can have long-lasting influence. Studies in immature rabbits 

suggest their airway walls have greater percentage of ASM with less cartilage compared 

to adult (11, 12). Accordingly, CPAP is likely to have greater effect on ASM in premature 

infants. Conversely, given the important of ASM in airway structure and function (13–

17), altered ASM mass, contractility, and proliferation should all have greater contribution 
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to airway tone. Accordingly, in this study we explored mechanisms in ASM that could 

contribute to CPAP effects.

An important aspect of fetal development is that the extracellular environment which can 

modulate airway growth. Fetal airways in fact have higher extracellular Ca2+ ([Ca2+]o) of 

~1.7 mM compared to adult airways (~1.2 mM) (18, 19). Accordingly, it is possible that 

[Ca2+]o itself contributes to ASM in health and disease, and given that CPAP increases 

airway smooth muscle expression (MacFarlane et al., 2020), we hypothesized Ca2+ could 

thus mediate or modulate CPAP effects.

[Ca2+]o is normally sensed by the extracellular Ca2+ sensing receptor (CaSR) (20–22). 

A member of the Class C family of GPCRs that includes metabotropic GABA-B and 

glutaminergic receptors (23, 24) (23), the CaSR is well-known for its role in calciotropic 

tissues such as parathyroid gland, kidney or bone towards sensing and regulating [Ca2+]o 

(20–22) making it the target of activators (calcimimetics) for treating hyperparathyroidism, 

and negative allosteric modulators (calcilytics such as NPS2143) for genetic hypocalcemia 

(25, 26). We and others have now shown CaSR in non-calciotropic tissues and its role in 

regulating [Ca2+]I, gene expression, cellular proliferation and production of ECM proteins 

(18, 20, 21, 27–29) (28, 30). CaSR can couple to multiple G-proteins (Gq/11 or Gi/o) (27) 

and via Gq/11 activate PLCβ-IP3 to increase [Ca2+]i. In ASM and in pulmonary artery, CaSR 

can also modulate Ca2+ influx (31) (30). Furthermore, via DAG-PKC or Gi/o, CaSR can 

modulate MAP kinase signaling (32) contributing to longer-term effects such as proliferation 

and ECM production relevant to airway remodeling. We previously showed that CaSR 

promotes adult ASM proliferation via PLC (30) and ERK1/2 (28). In this regard, CaSR may 

be particularly relevant in developing ASM that is expected to undergo greater proliferation 

towards lung growth and more dependent on plasma membrane [Ca2+]i regulatory pathways. 

We have previously shown that CaSR is involved in adult ASM in the context of adult 

asthma and contributes to airway hyperreactivity (28). CaSR is expressed in embryonic 

lung mesenchyme (18, 33). Furthermore, we recently showed that developing human ASM 

expresses CaSR that regulates [Ca2+]i in the context of ASM contractility, and promotes 

cell proliferation (30). Accordingly, in the present study, we explored the hypothesis that the 

CaSR contributes to CPAP effects in the context of enhanced contractility.

We used converging approaches to explore CaSR in the developing airway in the context 

of CPAP. We applied a neonatal mouse model of CPAP and the precision cut lung slice 

technique that we previously established as relevant to exploring stretch in the context of 

immaturity. Both wildtype (WT) and smooth muscle-specific constitutional CaSR knockout 

(KO; CaSR−/−) mice were used, along with NPS2143 and siRNA to inhibit CaSR. 

Separately, we explored human fetal ASM (fASM) from lungs of 18–22 week fetuses, 

a developmental period of rapid bronchial growth and proximate to neonatal survival in 

the ICU where CPAP would be applied. Compared to adult ASM, mechanisms of [Ca2+]i 

regulation are less-studied and there are currently no data on stretch effects. We previously 

characterized suitability of isolated fASM cells in exploring [Ca2+]i (34).
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METHODS

Mice:

Time-pregnant wildtype (WT) mice (C57BL/6J) were purchased from a commercial vendor 

(Charles River, Wilmington, MA). Mice negative for CaSR in smooth muscle (CaSR−/−) 

were bred and reared in the Case Western Reserve animal facility (transfer from Dr. Chang’s 

lab at UCSF; Case IACUC 2015-0066). These CaSR−/− mice were also on a C57BL/6 

background, and the process for generating these smooth muscle specific CaSR KO mice 

has been previously published (28).

The day after birth (P1), both male and female mouse pups were randomized to be treated 

with or without CPAP (in 21% O2) for the first week of postnatal life as described previously 

(5), i.e. until P7. Mice were then allowed to survive at 21% O2 without any further CPAP 

interventions for two more weeks. At three weeks (P21), mice were euthanized and the 

lungs prepared for either measurements of airway reactivity using the precision lung slice 

preparation or immunohistochemical analysis of CaSR, αSM-actin expression and signaling 

proteins. All procedures were carried out in accordance with the National Institute of Health 

(NIH) guidelines for care and use of laboratory animals and were approved by the Animal 

Care and Use Committee at Case Western Reserve University.

Neonatal CPAP:

Following the day of birth (P0), litters were equally divided, with both male and female pups 

randomly assigned to receive CPAP (6 cmH2O) or control (0 cmH2O) starting the following 

day (P1) for the first 7 postnatal days as previously described (5, 35). Pups and dams were 

maintained in a temperature controlled room during a 12:12hr, light:dark cycle and provided 

food and water ad lib.

Details of the neonatal CPAP apparatus and technique have been previously published (5). 

Briefly, each day unanesthetized neonatal mice were separated from their dams and fitted 

with a custom made mask to administer CPAP while spontaneously breathing and resting on 

a temperature controlled heat pad (Gaymar T/pump, Orchard Park, NY). An entry port in the 

mask was used to deliver humidified air, which passed through to an exit port connected to 

a downstream manometer. An adjustable leak in the tubing between mask and manometer 

enabled continuous flow through the mask, while also allowing fine adjustment of the 

back-pressure to the mask and thus, to achieve a desired level of CPAP of 6cm H2O. A 

custom-made system allowed delivery of CPAP to multiple mice simultaneously. CPAP was 

administered for 2 hrs on the first day to minimize the duration the pups were separated from 

the mother, but was increased to 3 hrs/session for the following 6 consecutive days (7 days 

total). Control mice were also separated from dams, and underwent the same procedures of 

mask fitting, heat pad, and identical airflow, but did not receive CPAP (i.e. 0 cm H2O). After 

each session of CPAP, the mask was removed and the pups were returned to the mother to 

resume normal rearing.

At the end of the CPAP exposure period, mice were allowed an additional 2 weeks of 

un-interrupted maternal care at which time the pups were prepared for assessment of 

airway reactivity to methacholine challenge using the in vitro precision-cut living lung 
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slice preparation. Additional mice were used for rtPCR on whole lung homogenates, and 

immunohistochemistry.

Lung slice preparation:

This technique has also been previously described (5). At P21, WT and CaSR−/− mice were 

euthanized via anesthetic overdose (intraperitoneal ketamine 100 mg/kg and xylazine 10mg/

kg). The trachea was cannulated (0.58 mm PE tubing, Clay Adams, Sparks, MD), chest 

cavity opened, and ~0.8ml liquefied agarose (Invitrogen, Carlsbad, CA; #A9539; 38°C) 

gently injected to inflate the lungs. The preparation was then refrigerated en bloc for 30 

minutes to allow the agarose to gel following which 300μm lung slicers were cut using 

a vibratome (VT1000, Leica Microsystems, Wetzler, Germany). Slices were immersed in 

DMEM + Pen/Strep (Life Technologies, Carlsbad, CA) and allowed to recover overnight an 

incubator (5% CO2; 37°C).

The following day, lung slices were rinsed in HBSS and placed in an in vitro recording 

chamber for live imaging using a microscope (DMLFS, Leica Microsystems, Wetzler, 

Germany) and continuous perfusion (7ml/min) with HBSS. A digital video camera 

(Rolera Fast, QImaging, Surrey, Canada) was used to identify individual airways under 

5X magnification. After baseline perfusion, slices were exposed to increasing doses of 

methacholine and changes in airway lumen area recorded. The extent of airway constriction 

in response to increasing doses of methacholine (0.25, 0.5, 1, 2, 4, and 8μM; Sigma Aldrich, 

St Louis, Mom #1396364) was determined at the end of a 2 minute period of exposure at 

each dose. ImageJ analysis software was used to calculate the luminal area (in pixels) and 

extent of airway constriction assessed with greater decrease in lumen area interpreted as 

greater reactivity.

Individual airways were chosen at random and the response to methacholine was performed 

on one airway/lung section, although measurements were typically collected from 1–2 

sections per animal. Thus, treatment groups consisted typically of 1–2 airways/animal, 2–3 

animals per litter, 2–3 litters per group. Airways with a baseline area above 0.05 mm2 were 

excluded for analysis since we showed previously they are unaffected by CPAP.

For assessment of airway responsiveness in the presence of NPS2143 (Tocris, Minneapolis, 

MN; #3626) individual lung slices from WT mice were pre-incubated in a tissue culture 

incubator in either 10μM NPS2143, or vehicle (0.4% DMSO) for one hour. The slice was 

then transferred to a petri dish containing the same solution for imaging. The slice was 

allowed to equilibrate for 5 min prior to assessment to the maximum (8μM) methacholine 

challenge. The NPS dose was selected based on our previous in vivo study using adult mice 

(28).

CaSR and aSM-actin immunoreactivity:

P21 WT and CaSR−/− mice were euthanized via anesthetic overdose and lungs inflated with 

a 4% paraformaldehyde at a pressure of 25cm H2O via tracheal cannulation. The lungs 

were then paraffin embedded and 5μm thick sections were cut and mounted onto glass 

slides. Immunostaining was done using standard techniques. Slides were de-paraffinized, 

rehydrated in PBS, and incubated in blocking buffer (1% BSA in PBS). Slides were then 
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incubated overnight at 4°C in CaSR antibody (1:100, ProteinTech, Rosemont, IL; #19125-1-

AP) and actin antibody directly conjugated to Cy3 (1:100; Sigma, #C6198). The following 

day, sections were rinsed in PBS, and then incubated in goat anti-rabbit conjugated to Alexa 

488 (1:200, Thermo Fisher Scientific, #A-11008). Slides were finally rinsed in PBS and 

coverslipped with Vectashield mounting media (Vector Laboratories, Ontario, Canada) And 

imaged using a Leica DMLP microscope (Leica Microsystems, Buffalo Grove, IL), and a 

Qimaging Retiga EXi camera and Qcapture pro software (Teledyne photometrics, Tucson, 

AZ). Images were analyzed using ImageJ as described below.

rtPCR:

Whole lung tissue was removed and frozen for later analysis of mRNA expression 

using qRT-PCR. RNA was extracted from the frozen lung tissue using RiboZol (VWR, 

Radnor, PA; #N580) digestion, phenol chloroform extraction, and quantified using Nanodrop 

spectroscopy. cDNA was then generated using qScript cDNA synthesis kit (Quanta 

Biosciences) through reverse transcription. Real time qPCR was performed with Taqman 

probes for CaSR (catalog# Mm00443375_m1), and compared to GAPDH (Thermo Fisher) 

as the housekeeping gene using PerfeCTa qPCR Fastmix, UNG, ROX (Quanta Biosciences; 

#95077). Duplicates were run for each sample. The Fold-changes were calculated using 

2-ˆΔΔCT method and StepOne software v2.3 (Applied Biosystems). Statistical comparisons 

were performed using the ΔCT values.

siRNA administration:

We performed additional experiments to test whether blocking CaSR via targeted siRNA 

treatment would reverse airway reactivity. Lung slices from P21 day old mice were 

separated between 3 wells (~3–4 slices/well) containing DMEM + Pen/strep cocktail and 

each well was then randomly chosen to receive either 4nM of CaSR siRNA (Thermo Fisher, 

Waltham, MA; Silencer siRNAID 161711; Cat#AM16708), scramble siRNA (Thermo 

Fisher,Silencer negative control Cat#AM4611), or transfection control (Ctrl; lipofectamine). 

The siRNA concentration was based on vendor recommendation (5 nM) and pilot studies 

using 0.5–20 nM with maximal functional effect (changes in lung slice contractility) noted at 

4–5 nM.

Individual slices were incubated for 48 hrs at 37°C in tissue culture, and then 

underwent assessment of airway reactivity as described above, or immunohistochemical 

analysis of smooth muscle CaSR expression using confocal microscopy. The treatment 

groups included mice from both control and CPAP (i.e. 6 groups total). For the 

immunohistochemical analysis, following siRNA administration, slices were fixed overnight 

in 4% paraformaldehyde and immunostained for CaSR and actin as described above.

Airway CaSR and aSM-actin quantification:

Image analysis was performed after loading the airway images into ImageJ and splitting the 

red and green channels. Background correction was done at the same level for all images. 

The airway was then isolated within the image. Positive staining for CaSR and αSM-actin, 

was identified by adjusting the threshold equally on all images, and then quantifying the 

area of positive staining. The area of positive staining was then normalized to airway lumen 
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circumference. Analysis of CaSR expression was limited to CaSR expressed in smooth 

muscle, and was achieved by identifying αSM-actin positive areas in the section and using 

those as the region of interest (ROI) for CaSR positive staining. For analysis of both CaSR 

and αSM-actin in thick sections after siRNA exposure, three z-stack images captured using 

confocal microscopy and located in the center of the airway were analyzed and averaged to 

provide one data point per airway.

Human Fetal ASM:

As previously described (16, 30, 34, 36) tracheobronchial samples of de-identified 18–22 

week fetuses following demise (StemCell Express, Arlington, MA) were enzymatically 

digested and the isolated cells cultured in DMEM/F12 (Life Technologies, Rockville, MD) 

supplemented with 10% FBS, Pen+Strep (Life Technologies). Cells within five passages of 

subculture were used for experiments, performed in serum-starved conditions (0.5% FBS). 

The study was considered exempt by the Mayo Institutional Review Board since maternal 

or fetal identifiers were not available and isolated cells were stored with unique identifiers 

unrelated to their source.

Cell stretch:

fASM cells were grown in 6-well plates with flexible membranes, and the plates placed in 

a cell stretcher system (FlexCell FX-6000T) such that the membranes were stretched over 

a rigid post following negative pressure applied to the sealed unit in which the plates were 

placed. Cells underwent oscillatory stretch of 5% at 1Hz (mimicking breathing) for 48h 

without (Control) or with an additional 5% static stretch (mimicking CPAP). Experiments 

were then performed for [Ca2+]i imaging or signaling pathways.

[Ca2+]i imaging

Previously described techniques for fura-2 based fASM [Ca2+]i imaging were used (30). 

fASM cells from different groups were plated on 8-well glass-bottomed imaging chambers 

(Thermo Fisher Scientific,#155411) and experiments performed in Hanks Balanced Salt 

Solution (HBSS) where [Ca2+]o could be varied. As the intent was to explore the CaSR, 

which is sensitive to [Ca2+]o, cells were deprived of Ca2+ for 12h before experimentation 

while on the FlexCell. Cells were treated for 1 h with either medium (vehicle) or 1 uM 

NPS2143 (calcilytic, Tocris) (28, 30). They were loaded with 5 uM fura-2/AM for 30 min 

in 0 mM [Ca2+]o and then washed. Imaging was done on an inverted microscope (Nikon 

Eclipse Ti-U) with perfusion used to alter [Ca2+]o or add agonists as necessary. Baseline, 

peak, and amplitude of [Ca2+]i responses were recorded and analyzed.

Signaling Pathways:

In human fASM cells exposed to stretch vs. not, Western analysis was performed for two 

major signaling pathways relevant to CaSR signaling, p42/44 (Cell Signal, #9102 for total, 

#9101 for phospho, Rabbit), and RhoA (Cell Signal, #21175, Rabbit) (28).
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Data Analysis:

For the mouse studies, statistical comparison of responses to methacholine between control 

and different levels of CPAP treated groups was made using a three-way, repeated measures 

ANOVA (SigmaPlot, Systat Software Inc. San Jose, CA). Comparison for IHC and rtPCR 

between control and 6 cmH2O CPAP was performed using a t-test. Differences were 

considered significant at p<0.05. fASM cells were from four or more fetuses. For cell 

imaging studies, at least 20 cells/protocol/sample were sampled. “N” values represents 

numbers of samples. Statistical analysis was performed using individual Student t-test or 

ANOVA with Bonferroni correction for multiple comparisons. Statistical significance was 

tested at the p < 0.05 level. Statistical analyses were performed using GraphPad Prism 7.03 

software. All data are expressed as mean ± SD.

RESULTS

CPAP and CaSR in WT mice:

In WT mice, neonatal CPAP (6 cmH2O) for 7 days resulted in a long-term increase in 

airway and whole lung CaSR 2 weeks later. Immunofluorescence of lung sections (Fig 1A) 

showed increased expression of smooth muscle protein (Fig 1B) as well as of CaSR (Fig 1B) 

within airways although the ratio of CaSR/smooth muscle actin was only slightly increased 

(Fig 1C). PCR analysis of whole lung homogenate 2 weeks after CPAP treatment ended also 

showed increased CaSR mRNA compared to untreated control mice (Fig. 1D), corroborated 

by CaSR protein analysis (Fig. 1E).

Airway reactivity to methacholine, CPAP and CaSR:

The increased airway CaSR expression (Fig. 1) in WT mice following neonatal CPAP was 

associated with a long-term increase in airway reactivity (Fig. 2A), as indicated by the more 

pronounced decrease in airway lumen area with increasing doses of methacholine applied to 

the precision cut lung slices.

Based on the finding of increased CaSR, we explored the impact of altered CaSR 

function or expression. First, in lung slices of WT animals, inhibition of CaSR with 

NPS2143 significantly reduced CPAP-induced airway contractility, approximately halfway 

between control and CPAP effects at the maximum methacholine concentration (Fig 2B). 

Interestingly, in control animals, acute administration of NPS slightly increased airway 

contractility. Second, in the absence of airway CaSR expression (ie. smooth muscle-specific 

CaSR−/− mice), airway contractility following CPAP was significantly less than CPAP-

exposed WT mice (Fig 3A). Interestingly, in CaSR−/− mice not exposed to CPAP, airways 

showed slightly higher contractility compared to WT controls: an effect similar to NPS 

above. Absence of CaSR within the smooth muscle layer of airways was verified by 

immunofluorescence (Fig 3B). Finally, CaSR siRNA transfection of lung slices from WT 

mice resulted in substantially blunted effect of CPAP compared to scrambled siRNA 

transfected slices from CPAP mice (Fig 4A). Efficacy of siRNA transfection was shown 

by immunofluorescence (Fig 4B) and quantified (Fig 4C). Scramble siRNA had no effect on 

CPAP-induced airway hyperreactivity. Human fASM and Stretch
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Human fASM cells that underwent 5% static stretch for 48h mimicking CPAP showed a 

significantly higher baseline [Ca2+]i level (Fig 5A, B) and peak response to histamine (Fig 

5A, C) in the presence of 0.5 or 1 mM [Ca2+]o. Addition of 1 μM NPS2143 (calcilytic) 

blocked the enhancing effect of static stretch on [Ca2+]i (Fig 5A–C).

CaSR in human fASM

We previously showed that CaSR is localized to airway smooth muscle in ~22wk human 

fetuses and in isolated fASM cells (30). This is consistent with current findings of smooth 

muscle CaSR in mouse airways (Fig 1). Also, consistent with CPAP effects in mice (Fig 

1), in fASM cells, exposure to static stretch for 48h increased CaSR expression (Fig 6). 

Western blot analyses of stretched fASM showed increased ERK1/2 and RhoA compared to 

non-static stretched fASM (Fig 6).

DISCUSSION

Our study demonstrates that in developing human ASM, a functional CaSR is involved in 

the effects of mechanical stretch in the context of CPAP on Ca2+ and contractility responses 

to bronchoconstrictor agonist. Data showing functional CaSR in fASM is consistent with our 

previous reports in adult and developing ASM (28, 30). The relevance of CaSR particularly 

in developing ASM lies in its response to known relatively higher, physiologically relevant 

[Ca2+]o concentrations of the fetal lung (18, 19) that likely drive lung morphogenesis (37), 

and the ability of CaSR to elevate [Ca2+]i and contractility (30). The relevance of CaSR in 

stretch-exposed fASM lies in the potential to target this mechanism to alleviate detrimental 

long-term aspects of CPAP in the immature lung in spite of its early benefits in maintenance 

of oxygen and in alveolar development.

In the current study, we used a previously-validated neonatal mouse model that is 

advantageous towards understanding stretch and airway distension effects on postnatal 

airway development in humans. Here, the newborn mouse lung is at the saccular stage 

of development (38) and thus comparable to a human infant at 26–28 weeks gestation, i.e. 

a stage of prematurity and premature birth when CPAP may be implemented in the neonatal 

ICU. In this regard, an important distinction would be the effects of CPAP on bronchial vs. 

parenchymal/alveolar compartments. Clinically, the benefit of CPAP in enhancing alveolar 

distension and thus aiding oxygenation in premature infants is well-recognized. However, 

the effects of CPAP on bronchial airways per se hav not been examined. Furthermore, 

the longer-term impact of CPAP on bronchial or alveolar compartments is not known. 

From a model perspective, we recently confirmed using MRI of neonatal mouse lungs that 

clinically-relevant CPAP results in lung inflation (Mayer, MacFarlane, Prakash, unpublished 

observations). In this regard, given that alveologenesis is incomplete at this age, and the 

alveolar compartment is therefore higher resistance, much of the pressure of CPAP is 

likely to be transmitted to the already-developed bronchiolar airways, the target of our 

studies. Accordingly, the persistence of airway hyperreactivity in this mouse model for 

a further 2 weeks post-CPAP becomes translationally relevant to understanding postnatal 

influences of CPAP. Here, the 3-week old mouse is optimal given that in terms of lung 

development, it approximates a 3–4 year old child and thus a time when wheezing and 
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asthma manifest in former preterm infants. Thus our findings of persistent increased airway 

reactivity are relevant towards distinguishing early benefits of CPAP for alveolar expansion 

and oxygenation vs. longer-term detrimental effects on bronchial airways per se. Similar 

effects on airway reactivity have been found in neonatal rats in a more “severe” model where 

animals are anesthetized daily, intubated and mechanically ventilated with or without high 

intermittent positive pressure (39). These models while differing in invasiveness and extent 

of stretch, collectively demonstrate that daily distension of the airways and lung during the 

early neonatal period can have long-term unintended detrimental consequences on airway 

structure/function. Furthermore, the relevance of our model for bronchial airways per se is 

highlighted by findings in our previous study (5, 35) where we found that daily CPAP (as 

implemented in this study) results in minimal to no changes to the alveolar compartment 

even at 3 weeks but does have detrimental impact on the bronchial airways.

In our study, we also confirmed our previous finding that CPAP causes a longer term 

increase in ASM (10). Previous studies including our own have shown increased ASM and 

metabolic activity of immature lungs stimulated by stretch (40) (10) and would certainly be 

consistent with accelerated lung growth in the early phase (38, 41) but conversely showing 

that an exaggerated and sustained changes in ASM structure/function can occur with CPAP 

that would lead to thicker, more reactive airways, that would contribute to wheezing/asthma.

Compared to adult ASM, there is less information regarding mechanisms and changes in 

[Ca2+]i or contractility, partly reflecting lack of age-appropriate models, particularly in 

humans. We have previously showed that fASM cells are a good model to understand 

contractility and remodeling in the developing airway given that these cells express the same 

machinery as adult ASM, and are responsive to agonists such as ACh or histamine (34).

We have previously established expression of CaSR and its influence on [Ca2+]i in fASM 

(30). A member of the Class C family of GPCRs that includes metabotropic GABA-B and 

glutaminergic receptors (23, 24) (23), the CaSR is well-known for sensing and regulating 

[Ca2+]o in calciotropic tissues such as parathyroid gland, kidney or bone (20–22), with 

activators (calcimimetics) being used to treat hyperparathyroidism, and negative allosteric 

modulators (calcilytics) for genetic hypocalcemia (25, 26). There is now substantial 

evidence for CaSR in non-calciotropic tissues with roles including regulation of [Ca2+]I, 

gene expression, cellular proliferation and production of ECM (18, 20, 21, 27–29) (28, 30). 

Such pleiotropic effects occur through the multiple pathways by which CaSR can function. 

CaSR can couple to multiple G-proteins (Gq/11 or Gi/o) (27) and via Gq/11 activate PLCβ-IP3 

to increase [Ca2+]i. Furthermore, via DAG-PKC or Gi/o, CaSR can modulate MAP kinase 

(32). In adult ASM, CaSR promotes proliferation via PLC (30) and ERK1/2 (28). Given 

that extracellular Ca2+ is higher in developing lung, and that developing ASM is expected to 

undergo greater proliferation towards overall growth, CaSR may be particularly relevant.

The results of the present study now link stretch/CPAP effects on contractility of developing 

ASM to the CaSR. Our data first show that CPAP in neonatal mouse and stretch in human 

fASM both enhance CaSR expression. Thus, even if there were no additional effects of 

CPAP/stretch, in vivo increased CaSR would allow for greater responsiveness to a higher 

[Ca2+]o in developing lung and thus enhance [Ca2+]i and contractility or other downstream 
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CaSR effects. We further show that CPAP/stretch effects actually involve CaSR and the 

airway/ASM responsiveness to agonist, which is suppressed by the negative allosteric 

modulator NPS2143 or by the absence of CaSR in the KO mouse model. Our signaling 

data also show that CaSR may be involved in longer-term effects via upregulation of 

MAPK or RhoA that are important at least in adult ASM (42). Accordingly, CaSR becomes 

an appealing target for alleviating the detrimental effects of stretch. Here the efficacy of 

NPS2143 is encouraging given ongoing clinical trials using calcilytics in the context of adult 

asthma (43). A potential caveat is the observation that in non-stretched groups, we saw 

some worsening of Ca2+ or contractility with NPS2143, the reasons for which are unclear. 

In blood vessels and in HEK293 expression systems, CaSR can show a biphasic response 

to extracellular calcium, but there is no prior data on whether altering CaSR levels or 

NPS2143 results in a biphasic response that could potentially underlie the worsening effect 

of NPS2143. CaSR is known to heterodimerize with other Class C GPCRs, and it is possible 

that altering CaSR levels or CaSR activation changes the sensitivity of its heterodimer 

partners with downtstream effects on PLC or other signal transduction pathways. These 

issues remain to be explored. Regardless, given that NPS2143 is likely to be administered 

only in the context of prematurity or CPAP, the worsening effects we see may or may not be 

clinically relevant.

The present study did not specifically explore the upstream mechanisms by which CPAP 

induces changes in CaSR or its downstream effects. Interestingly, pathways including RhoA/

ROCK and ERKs and even cAMP/PKA, that are activated by CaSR are also sensitive to 

stretch. Therefore, it is entirely possible that initial stretch activates these pathways allowing 

for their sustained activation via CaSR. In other cell types including in the lung, stretch 

can also activate Wnt/β-catenin and other mechanosensitive pathways such as Yap/Taz or 

transcription factors (e.g. Egr1) (44–46). There are currently no data on developing ASM 

per se, but the roles of Wnt/β-catenin or Yap/Taz have been recognized in human ASM or 

fibroblasts in the context of asthma or pulmonary fibrosis (44–47). Future studies should 

consider these potentially targetable pathways in addition to CaSR in alleviating the effects 

of CPAP.

CONCLUSIONS:

In conclusion, using an age-appropriate neonatal mouse model, we find that clinically 

relevant levels of CPAP pressure applied in patterns reflecting the human NICU experience 

result in persistent increase of bronchial airway reactivity involving the CaSR. Further work 

is needed to understand the upstream mechanistic pathways contributing to both increased 

CaSR expression and its activity, and to the airway hyperreactivity to determine potential 

longer-term consequences of neonatal CPAP in preterm infants.
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Impact:

• Neonatal CPAP increases airway reactivity to bronchoconstrictor agonist

• CPAP increases smooth muscle expression of the extracellular calcium-

sensing receptor (CaSR)

• Inhibition or absence of CaSR blunts CPAP effects on contractility

• These data suggest a causal/contributory role for CaSR in stretch effects on 

the developing airway

• These data may impact clinical recognition of the ways that CPAP may 

contribute to wheezing disorders of former preterm infants
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Figure 1: 
Effects of daily continuous positive airway pressure (CPAP; 6cmH2O, 3hr/day, postnatal 

days P1-7) on long-term changes in airway and lung calcium sensing receptor (CaSR) 

expression. Immunofluorescence (IF) for αSM-actin (red) and CaSR (green) in P21 day old 

male mice (A), two weeks after CPAP treatment ended showed increased immunoreactivity 

for αSM-actin and CaSR (B), although the amount of CaSR normalized to αSM-actin area 

was not affected by CPAP (C). Representative images of lung sections from control and 

CPAP treated mice are shown, including high resolution images of the white box from 

the CPAP mouse in the rightmost column of A. Separately, whole-lung RT-PCR (D) and 

Western (E) showed significant increase in CaSR levels. *indicates significant difference 

(p<0.05; t-test) between Ctrl and CPAP. N=7–10 airways from 4–5 mice/group.

Mayer et al. Page 16

Pediatr Res. Author manuscript; available in PMC 2022 June 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2: 
Effect of CPAP and CaSR inhibition on airway responses to methacholine challenge in P21 

day old WT mice. In precision cut lung sections from mice exposed to 7 days of CPAP, there 

was higher reactivity to methacholine compared to control mice at P21 days (A). However, 

in slices incubated with the CaSR inhibitor, NPS 2143 for 1 hr prior, such CPAP-induced 

differences were substantially blunted (B). Values are expressed as fraction of baseline 

lumen size. The smaller lumen size at increasing concentration to methacholine signifies 

increased AW reactivity.* indicates significant difference (p<0.05) between Ctrl and CPAP, 

# indicates significant NPS effect (p<0.05) (three-way ANOVA with repeated measures). 

N=7–10 airways from 4–5 mice/group.
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Figure 3: 
Effect of CPAP in CaSR knockout mice. In mice constitutively lacking smooth muscle 

CaSR (CaSR−/−), neonatal CPAP resulted in less hyperreactivity compared to WT mice 

(A). Lack of CaSR within the smooth muscle layer was verified via αSM-actin and CaSR 

immunoreactivity in P21 day old mice (B). Higher resolution images of the CaSR−/− mouse 

(white square) is also provided. * indicates significant difference (p<0.05 t-test) between 

Ctrl and CPAP, # indicates significant CaSR KO effect (p<0.05; t-test). N=7–10 airways 

from 4–5 mice/group.
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Figure 4: 
Effect of CaSR siRNA on CPAP-enhanced airway reactivity. In lung slices of wildtype 

mice, 48 hr exposure to CaSR siRNA resulted in reduced airway hyperreactivity compared 

to scrambled siRNA controls (A). Efficacy of CaSR siRNA was verified via αSM-actin 

and CaSR immunoreactivity in P21 day old mice (B), as summarized in (C). * indicates 

significant difference (p<0.05) between Ctrl and CPAP, # indicates significant CaSR siRNA 

effect (p<0.05). N=7–10 airways from 4–5 mice/group (three-way ANOVA with repeated 

measures).
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Figure 5: 
Effect of mechanical stretch on [Ca2+]i responses in human fetal airway smooth muscle 

(fASM) cells. fASM cells were exposed to 48h of static 5% stretch mimicking CPAP, on 

a background of 5% oscillation mimicking breathing. Such stretch enhanced subsequent 

baseline (A, B) and histamine induced [Ca2+]i responses (A, C). CaSR inhibition with 

NPS2143 blunted CPAP effects. * indicates significant difference (p<0.05; t-test) between 

Ctrl and stretch, # indicates significant NPS effect (p<0.05; t-test). N=4–5 cell lines with 

data averaged from at least 20 cells per line.
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Figure 6: 
CaSR and mechanical stretch in human fASM cells. Exposure to static stretch increased 

CaSR expression in fASM cells (A), and activated p42/44 ERK (B) and RhoA (C). * 

indicates significant difference (p<0.05; t-test) between Ctrl and stretch (p<0.05; t-test). 

N=4–5 cell lines.
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