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Abstract

Background: Allergen-induced airway hyperresponsiveness (AHR) in neonatal mice, but not 

adult mice, is caused by elevated innervation and consequent cholinergic hyperstimulation of 

airway smooth muscle (ASM). Whether this inflammation-independent mechanism contributes to 

ASM hypercontraction in childhood asthma warrants investigation.

Objective: We aim to establish the functional connection between cholinergic stimulation and 

ASM contractility in different human age groups.

Methods: First, we employed a neonatal mouse model of asthma to identify age-related 

mediators of cholinergic deregulation of ASM contractility. Next, we conducted validation and 

mechanistic studies in primary human ASM cells and precision-cut lung slices (PCLSs) from 

young (<5 years old) and adult (>20 years old) donor lungs. Finally, we evaluated the therapeutic 

potential of the identified cholinergic signaling mediators using culture models of human ASM 

hypercontraction.

Results: We have discovered that ASM hypercontraction due to cholinergic deregulation in 

early postnatal life requires CD38. Mechanistically, cholinergic signaling activates the PI3K/Akt 
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pathway in immature ASM cells to upregulate CD38 levels, thereby augmenting the Ca2+ response 

to contractile agonists. Strikingly, this early life, CD38-mediated ASM hypercontraction is not 

alleviated by the β-agonist, formoterol.

Conclusions: Our findings identify the acetylcholine-PI3K/Akt-CD38 axis as a critical 

mechanism of AHR in early postnatal life. Targeting this axis may provide a tailored treatment for 

children at high risk for allergic asthma.

Graphical Abstract

Akt (A serine/threonine kinase), ASM (Airway smooth muscle), cADPR (Cyclic ADP-ribose), 

PI3K (Phosphoinositide 3-kinase), RyR (Ryanodine receptor), ACh (Acetylcholine), MCh 

(methacholine), MR3 (muscarinic receptor 3), His R (Histamine receptor).

Capsule summary:

The acetylcholine-PI3K/Akt-CD38 pathway is a potential anti-AHR target in asthmatic children.
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Introduction

Allergic asthma often initiates from early childhood exposure to environmental insults, such 

as allergens, respiratory virus, cigarette smoke, pollutant, and ozone. About 50% of cases of 

childhood asthma progress into adulthood (1, 2). Intriguingly, airway hyperresponsiveness 

(AHR), the key feature of asthma, can proceed even in the absence of overt inflammation (3, 

4). Due to limited access to lung samples from young children, mechanisms underlying 

this inflammation-independent AHR remain poorly understood. Such limitation in our 

knowledge contributes to suboptimal control of symptoms in severe asthmatics and a 

lack of therapeutic intervention that modulates the progression of AHR from childhood 

to adulthood.

Utilizing mouse models of allergic asthma at different ages, we have recapitulated a 

persistent AHR phenotype following allergen exposure during the neonatal time window 

(5, 6). We have discovered that AHR in neonatal mice can be induced by cholinergic 

hyperinnervation of airway smooth muscle (ASM) and maintained long after the resolution 

of inflammation. Such cholinergic hyperinnervation is caused by elevated levels of nerve 

growth factors during allergic inflammation (5). In contrast, similar allergen exposure in 
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adult mice has no effect on cholinergic innervation of ASM and causes transient AHR 

(6). Strikingly, methacholine (MCh) treatment to simulate cholinergic hyperinnervation is 

sufficient to induce a hypercontractile phenotype of ASM cells in pups but not in adult 

mice (6). Together, these findings suggest that unique contractile regulation may operate 

exclusively in immature ASM cells, rendering the early postnatal life a time window of 

susceptibility to the development of AHR by environmental stimuli.

ASM cells are the ultimate effector of airway narrowing in response to contractile stimuli 

and play an essential role in the pathogenesis of AHR in asthma (7, 8). In accord with 

ASM hyperinnervation in animal models of prolonged AHR following neonatal exposure, 

antibody staining of biopsy samples from adult asthmatic patients display significant 

increases in ASM innervation by sensory and cholinergic nerves (9, 10). In addition, clinical 

studies have reported that children at high risk for allergic asthma have elevated levels 

of nerve growth factors in the airway (11), and sustained levels of nerve growth factors 

positively correlate with disease severity (10, 12). Building upon the established role of 

nerve growth factors in the development of the nervous system in the lung (5, 13), ASM 

hyperinnervation may occur in young children at high risk for allergic asthma and drive 

persistent AHR into adulthood.

When allergic asthma develops in early childhood, ASM cells undergo a dynamic process 

of functional maturation. As such, mechanisms that regulate the contractile phenotype of 

immature ASM cells may differ from those in mature ASM cells in adults. Following a 

substantial transition from tonic contraction in utero to phasic contraction at birth, ASM 

cells continue to modify their contractile phenotype by reducing their shortening velocity 

and increasing their contractile force in early postnatal life (14, 15). These phenotypical 

changes are associated with an increase in the expression of contractile machinery 

components, such as smooth muscle myosin heavy chain (SMMHC), calponin, smooth 

muscle alpha-actin (αSMA), and caveolins (16). Using agonist-induced Ca2+ response as 

a measurement of contractility, we have shown that the contractile phenotype of ASM 

cells matures around postnatal 3 weeks (P21) in mice (6). The age when human ASM 

cells become functionally mature has yet to be precisely determined. Based on histological 

markers in the postnatal developing lung, P21 in mice is approximately 5–8 years in human 

(17), an age when allergic asthma is diagnosed.

ASM contraction is regulated by intracellular Ca2+. Intracellular Ca2+, in turn, is mediated 

through two independent pathways (18, 19). First is the phospholipase C-InsP3 receptor 

(PLC-IP3R) pathway that is activated through the G protein-coupled receptor that links 

to PLC and triggers Ca2+ release from the sarcoplasmic reticulum (SR) via IP3R. The 

second is the CD38-RyR pathway that involves the ADP-ribosyl cyclase activity of CD38 

that biosynthesizes cADPR as a second messenger to interact with the ryanodine receptor 

(RyR) on the SR membrane to release Ca2+. Both the PLC-IP3R and CD38-RyR pathways 

contribute to ASM contraction in adults. Whether these two pathways play a distinct or 

redundant role in immature ASM cells has not been well studied (20).

Here, using precision-cut lung slices (PCLSs) and primary ASM cells from human donors 

of different ages, we have identified CD38 as a critical mediator of cholinergic deregulation 
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of ASM contractility in early postnatal life and delineated the mechanism underlying this 

age-specific CD38 regulation.

Methods

Mice:

All mouse experiments were approved by the Institutional Animal Care and Use Committee 

at Brigham and Women’s Hospital. A double transgenic mouse line (αSMA-GFP; NG2-

dsRed) was provided by Dr. Alan Fine at the Boston University School of Medicine (21). 

Lungs from CD38−/− mice were provided by Dr. Alonso Guedes at the University of 

Minnesota.

Human donor lungs:

Lungs from de-identified and deceased human donors were purchased from IIAM 

(International Institute for the Advancement of Medicine). These donor lungs were declined 

for transplantation and met the criteria of no smoking exposure or any underlying airway 

diseases. Because the research involved no intervention or interaction with living individuals 

or provided any identifiable private information about the donor, the project is deemed not 

human subject research by Partners Human Research Committee at Brigham and Women’s 

Hospital.

Preparation of the precision-cut lung slice (PCLS) and airway contraction assay:

Human PCLSs were prepared from donor lungs at 250 μm in thickness and cryopreserved 

using a published protocol (22). Frozen human PCLSs were thawed prior to experimental 

treatment. Fresh mouse PCLSs were prepared from wild-type and CD38−/− mice at P21. For 

airway contraction assay, PCLSs were stimulated with histamine or endothelin at increasing 

concentrations, and airway images were captured by an inverted phase-contrast microscope 

(Nikon Eclipse TS 100; Nikon, Tokyo, Japan) equipped with a Nikon DS-Ri2 camera. The 

area of airway lumen was measured using NIH Image J (National Institutes of Health, 

Bethesda, MD). Agonist-induced airway constriction was determined by normalizing the 

reduction in lumen area to the baseline value. For pretreatment with an agonist, PCLSs 

were incubated with the agonist in the culture media (DMEM/F12, Fisher Scientific, 

MT-10-092-CM) supplemented with anti-anti (Thermo Fisher Scientific, 15240-062) for 

2.5 days. PCLSs were then washed to remove the agonist and recovered overnight, followed 

by the airway contraction assay. For the adult age group, human airways of 300–1000 

μm in diameter and mouse airways of 100–300 μm in diameter were assayed. For the 

developmental age group, airways of 100–300 μm in diameter in young children and 50–150 

μm in mouse pups were assayed.

Isolation of primary human ASM cells:

Segmental bronchi of donor lungs were dissected and cut open. The airway epithelium on 

the luminal surface was scraped off using cotton swabs. Connective tissues on the outside 

surface of the bronchi were removed. Airway smooth muscle strips in the bronchi were 

dissected out, cut into small pieces, and placed in a culture plate with the luminal side 

facing down. A small amount of culture media (DMEM/F12 with 10% FBS) was applied to 
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facilitate the attachment of the smooth muscle pieces to the culture plate. After overnight, 

fresh culture media were added and changed every 3 days. ASM cells grew out of the 

muscle pieces and started to proliferate over the course of 7–14 days. Primary ASM cells 

within the first 3 passages were used for experiments.

Isolation of mouse ASM cells:

Neonatal and adult, αSMA-GFP; NG2-dsRed mice were subjected to ovalbumin (OVA) 

sensitization and challenge, followed by the isolation of GFP+ ASM cells by cell sorting 

using protocols as described previously(21). In this double fluorescent mouse line, ASM 

cells are single GFP+ and vascular smooth muscle cells were GFP+dsRed+ (21). Briefly, to 

induce allergic inflammation in neonatal mice, sensitization with intraperitoneal injections 

of 10 μg OVA (A5503; Sigma-Aldrich, St. Louis, MO, USA) in Imject alum (77161; 

ThermoScientific, Waltham, MA, USA) was performed on postnatal day 5 (P5) and P10. 

Mice were challenged with 3% aerosolized OVA solution on P18, P19, and P20 before ASM 

cell isolation. To induce allergic inflammation in adult mice, we sensitized 3-month-old 

mice by intraperitoneal injection of 25 ug OVA in Imject alum and then challenged them 

with 3% aerosolized OVA solution(6). Controls were challenged with PBS. Mice were 

sacrificed the next day after the last challenge. Lungs were dissociated with a commercially 

available Lung Dissociation Kit (Miltenyi Biotech, Auburn, CA), followed by the separation 

of ASM cells (GFP+) and vascular smooth muscle cells (GFP+dsRed+) using a Moflo cell 

sorter (Beckman Coulter, Fullerton, CA). ASM cells were pooled from 5–7 lungs as one 

sample for gene expression analysis.

siRNA transfection of primary human ASM cells:

Primary cultures of ASM cells from young children were transfected with siRNA 

against human CD38 mRNA (Thermo Fisher Scientific, s2657) (100nM) using 

lipofectamine RNAiMAX transfection reagent (Thermo Fisher Scientific, 13778030) 

following manufacturer’s protocol. Scrambled control siRNA was similarly transfected as 

the negative control. The efficacy of CD38 knockdown was assessed by real-time PCR and 

Western blot. Cells transfected with control siRNA and CD38 siRNA were subjected to 

MCh treatment.

In vitro treatment of PCLS and primary human ASM cells:

Mouse and human PCLSs were treated with 10μM MCh in DMEM/F-12 with anti-anti for 

2.5 days. Primary human ASM cells were maintained in DMEM/F12 with 0.5% FBS and 

treated with 10μM MCh for 2.5 days. To block PI3K, 10μM ly294002 (EMD Millipore, 19–

142) or 100nM wortmannin (Sigma-Aldrich, W3144) was applied to cultures simultaneously 

with MCh. For β adrenergic agonist treatment, human PCLSs were treated with MCh and 

5nM Formoterol (Sigma-Aldrich, F9552). Culture media were changed every 24 hours. To 

block CD38-cADPR, 100μM 8-Br-cADPR (Enzo Life Sciences, BML-CA417-0500) was 

added to ASM cultures 30 minutes prior to Ca2+ imaging.
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Ca2+ imaging:

Primary ASM cells were incubated with 10μM Fluo-4 AM (Thermo Fisher Scientific, 

F14201) in HBSS for 1 hour at 37°C. Intracellular fluorescence was recorded at a rate of 1 

image per second with an inverted phase-contrast fluorescence microscope (Nikon Eclipse 

TS 100; Nikon, Tokyo, Japan) equipped with a Nikon DS-Ri2 camera. The fluorescence 

intensity was analyzed by NIH Image J and expressed as Ft/F0, a ratio of the fluorescence 

intensity at a particular time (Ft) normalized to the average baseline fluorescence (F0) 

measured from 5 images prior to agonist stimulation.

Western blot:

Primary HASM cells were homogenized in RIPA buffer supplemented with a complete 

protease inhibitor cocktail (Roche, 11697498001) and phosphatase inhibitor cocktail 

(Millipore, 524627) followed by western blot assays. Primary antibodies include rabbit anti-

CD38 (1: 400, Biorbyt, orb10319), rabbit anti-pan Akt (1:500, Cell Signaling Technology, 

4691s), rabbit anti-phospho-Akt (1:500, Cell Signaling Technology, 4060s), mouse anti-

phospho-p42/44 ERK (1:400, Cell Signaling Technology, 9106s), rabbit anti-p42/44 ERK 

(1:400, Cell Signaling Technology, 9102), mouse anti-β-actin (1:2000, Sigma Aldrich, 

A5441). HRP-conjugated secondary antibodies include goat anti-mouse (1:2000; BD 

Biosciences, 554002) and goat anti-rabbit (1:1000 BD Santa Cruz, sc-2004). The antigen-

antibody complex was detected by SuperSignal Pico Plus Chemiluminescent Substrate 

(Thermo Fisher Scientific, 34577).

Antibody staining:

Paraffin sections of human lungs were stained for CD38 using a mouse anti-CD38 

antibody (1:50, Thermo Fisher Scientific, MA1-19316) following an established 

immunohistochemistry staining protocol. Sections were counterstained with Hematoxylin 

QS (Vector Laboratories, H-3404). For antibody staining of the PCLS, the PCLS was fixed 

with 4% paraformaldehyde overnight. After washes in PBS, the PCLS was incubated with 

Cy3-conjugated mouse anti-α-smooth muscle actin (1:100, Sigma-Aldrich, C6198) at 4°C 

overnight. Images were captured by the Nikon inverted fluorescence microscope (Nikon 

Eclipse TS 100; Nikon, Tokyo, Japan). For quantification of α-smooth muscle actin, the 

pixel numbers of the fluorescent signal were measured by NIH Image J and normalized to 

the circumference of the airway.

Gene expression analysis:

Total RNA was extracted from mouse or human airway smooth muscle cells using 

a RNeasy kit (QIAGEN, 74106) followed by reverse transcription using Superscript 

III Reverse Transcriptase (Thermo Fisher Scientific, 18080-044). Real-time PCR was 

performed with CFX96 real-time system (Bio-Red). TaqMan primers (Thermo Fisher 

Scientific, Hs01120071 for human CD38, Hs99999901_s1 for 18S rRNA) were purchased 

from Thermo Fisher Scientific. The relative level of gene expression was measured by 

normalizing to 18S rRNA using ΔΔCt (cycle threshold difference).
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Statistical Analysis:

For airway contraction assay, one airway in each PCLS was recorded as an individual 

observation. A minimum of 3 airways from each donor and 2–3 donors from each age 

group were quantified. For the Ca2+ signaling assay, each ASM cell was recorded as an 

observation, and a total of 15–80 ASM cells from 2–3 donors were quantified. For western 

blot and gene expression assays, two independent experiments were performed with primary 

human ASM cells (Passage 2–3) from each donor and cells from 2 donors of each age group 

were assayed. Results were analyzed using GraphPad Prism software (San Diego, CA). 

All data were reported as mean ± SEM from 2–3 independent experiments. For multiple 

comparisons, one or two-way ANOVA followed by Tukey’s post-hoc test was used. For 

the comparison between two experimental groups, an unpaired Student’s t-test was used. P 

value less than 0.05 was considered statistically significant.

Results

CD38 is required for MCh-induced ASM hypercontraction in neonatal mice.

We have previously shown that exposure to allergens (ovalbumin and house dust mite) 

in neonatal mice, but not in adult mice, causes cholinergic hyperstimulation that induces 

a hypercontractile phenotype of ASM cells (6). To identify the mediator of cholinergic 

induction of AHR in this neonatal allergic model, we purified ASM cells from saline 

and allergen-exposed, neonatal and adult mice and compared the expression of selected 

contractile genes with age. We employed an αSMA-GFP; NG2-dsRed mouse line. 

In this mouse line, ASM cells were single GFP+, and vascular smooth muscle cells 

were GFP+dsRed+, thereby enabling the isolation of ASM cells by sorting (21). Since 

allergic inflammation was induced in both neonatal and adult mice following allergen 

exposure, genes that were uniquely altered in allergic neonates were candidate mediators of 

cholinergic deregulation of ASM contraction. We found that CD38 and ryanodine receptor 3 

(RyR3) mRNA levels were significantly elevated in ASM cells following allergen exposure 

in neonatal mice; however, they were unchanged in adult ASM cells (Fig. 1A and B). 

Other selected genes, such as Mylk, Ormdl3, Cav1, RhoA, and Rock2, were not affected by 

allergen exposure regardless of age. The upregulation of ASM expression of CD38 in this 

neonatal model is consistent with an augmented ASM Ca2+ response in a MCh exposure 

model in neonatal mice (Fig. E1), and airway hyperconstriction compared to neonatal 

mice with saline exposure (6). Based on these findings, we speculate that increased levels 

of CD38 in immature ASM cells triggered by cholinergic hyperstimulation may promote 

agonist-induced Ca2+ mobilization from SR to the cytoplasm via RyR, and ultimately, cause 

airway hyperconstriction.

CD38 is broadly expressed in the airway by ASM cells, epithelial cells, and immune cells. 

To study tissue-specific function of CD38, previous studies have utilized bone marrow 

transplantation in adult mouse models of allergic inflammation (23). However, a bone 

marrow transplant is not technically feasible in neonatal mice. To circumvent this issue, 

we prepared neonatal murine PCLS from wild-type and CD38−/− mice at postnatal day 21 

(P21), treated them with MCh, and examined whether CD38 was required for MCh-induced 

airway hyperconstriction in response to acute endothelin stimulation. In the absence of MCh 

Bai et al. Page 7

J Allergy Clin Immunol. Author manuscript; available in PMC 2023 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



treatment, CD38−/− PCLSs showed less contraction to endothelin (Fig. 1D), which validates 

the role of CD38 in the contractility of ASM cells as previously reported (24). In addition, 

MCh treatment promoted endothelin-induced airway contraction in wild-type PCLSs, but 

not in CD38−/− PCLSs (Fig. 1D). Therefore, CD38 is required for MCh-induced ASM 

hypercontraction in neonatal mice.

CD38 expression in human ASM cells decreases with age.

To explore whether CD38 played a similar age-related role in the contractile regulation of 

ASM in humans, we evaluated CD38 expression in the human airway at different ages. Non-

asthmatic human lungs from deceased donors were divided into three separate age groups 

conforming to distinct stages of postnatal lung development in human: young children (<5 

years old), teenagers (5–20 years old), and adults (>20 years old) (Table S1). CD38 was 

detected by antibody staining in endothelial cells, the airway epithelium, and ASM cells in 

human lung sections (Fig. 2A), as may be expected, given the multifaceted roles of CD38 in 

the vascular system, the immune system, and airway structural cells (25–27). CD38 staining 

in ASM and airway epithelial cells was found to be more prominent in young children 

than adults (Fig. 2A). To quantify the age-related difference in CD38 expression in human 

ASM, we derived primary ASM cells from segmental bronchi of human donor lungs. In 

low-passage cultures, ASM cells from young children expressed higher levels of CD38 at 

mRNA (~6 fold) and protein (~2 fold) levels compared to adult ASM cells (Fig. 2B–2D). 

These findings indicate that CD38 expression in human ASM cells decreases with age.

MCh treatment elevates CD38 expression and Ca2+ responses in immature ASM cells.

To test if MCh may similarly elevate CD38 expression in ASM cells in humans as in 

neonatal mice (Fig. 1), we treated low-passage cultures of ASM cells from young children 

and adults with 10μM MCh for 2.5 days following an established protocol (6) (Fig. 3A). 

After washing with saline and incubating with the culture medium for 4 hours, we assayed 

CD38 levels by Western blot assay (Fig. 3A). MCh treatment almost doubled the level 

of CD38 in ASM cells from young children (Fig. 3B) while having no effect on CD38 

expression in adult ASM cells (Fig. 3C).

We then tested whether the age-related increase in CD38 expression following MCh 

treatment was correlated to changes in the Ca2+ response in ASM cells. ASM cells were 

loaded with a fluorescent Ca2+ dye, Fluo-4 AM, before acute stimulation with 10μM 

histamine. Histamine quickly increased the intracellular fluorescence (Ft) from the resting 

level (F0) to the peak before the fluorescence intensity slowly reverted to the resting level 

over 2 minutes (Fig. 3D). Compared to untreated controls, MCh treatment significantly 

increased the peak of fluorescence in ASM cells from young children (3.61±0.15 vs. 

2.98±0.12, p<0.05) but not in ASM cells from adult donors (Fig. 3D and E).

To functionally link elevated CD38 expression and augmented the Ca2+ response in 

immature ASM cells, we employed two different approaches to block the CD38-RyR 

pathway in primary cultures of ASM cells from young children. As the first approach, we 

used siRNA transfection to knockdown CD38 expression. Compared to scrambled siRNA, 

CD38 siRNA reduced CD38 expression by 50–60% assayed by qPCR and Western blot 
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assays (Fig. 3F) and prevented MCh-augmented Ca2+ response to acute agonist stimulation 

(Fig. 3G). As the second approach, we suppressed the CD38 pathway by blocking the 

interaction of cADPR and RyR with a competitive inhibitor, 8-Bromo-cADPR (100μM), 

for 30 min before Ca2+ imaging. Of note, cADPR is biosynthesized through the enzymatic 

activity of CD38. 8-Bromo-cADPR decreased agonist-induced Ca2+ response in saline-

treated groups and completely abolished the augmentation of the peak Ca2+ response by 

MCh (Fig. 3H and I).

To complement these loss-of-function approaches, we overexpressed wild-type CD38 

(wtCD38) tagged with a green fluorescent protein (GFP) in primary ASM cells from young 

children (Fig. E2A). An enzymatically inactive mutant CD38 (mutCD38) was similarly 

transfected as control. The transfected (GFP+) ASM cells and un-transfected (GFP−) cells 

in the same culture were assayed for the Ca2+ response to acute histamine stimulation. 

Compared to un-transfected and mutCD38-transfected controls, wtCD38 overexpression 

significantly increased the peak Ca2+ response (Fig. E2B and C).

Taken together, we conclude that MCh treatment enhances CD38 expression and thereby 

increases the peak Ca2+ response to histamine via the CD38-RyR pathway.

MCh treatment enhances airway constriction in PCLSs from young donors.

We assessed the MCh-CD38 axis in the regulation of airway constriction using frozen-

thawed human PCLSs(22). The PCLS retains native cell types and ASM-parenchymal 

interactions and thus offers an ex vivo model to study airway contraction. PCLSs from 

young children and adult groups (Table. S1) were treated with 10μM MCh or saline (control) 

for 2.5 days following an established protocol (6), washed with saline, incubated in the 

culture medium overnight, and examined for airway constriction in response to histamine 

(Fig. 4A). To avoid the confounding effect of airway size on the contractile response, we 

compared airways with a similar luminal area between saline- and MCh-treated PCLSs of 

each age group (0.068 ± 0.03 mm2 vs. 0.063 ± 0.03 mm2 in PCLSs from young children 

and 0.16 ± 0.04 mm2 vs. 0.16 ± 0.03 mm2 in adult PCLSs). MCh treatment by itself had 

no effect on the airway luminal size (ratio of post- to pretreatment luminal area, 0.99 ± 0.01 

in the young children group and 1.00 ± 0.02 in the adult group). Moreover, MCh treatment 

did not alter airway constriction in PCLSs from adults (Fig. 4B and C) and teenagers 

(Fig. E3). However, it significantly enhanced airway constriction in response to histamine 

in PCLSs of young children (Fig. 4B and C). We found that 8-Br-cADPR completely 

blocked MCh-induced airway hyperconstriction in PCLSs from young children (Fig. 4D). 

In addition, 8-Br-cADPR elicited a more robust airway relaxation response in MCh-treated 

PCLSs from young children than PCLSs from adults (Fig. E4). In the relaxation assay, 

the airway was pre-contracted by histamine before the addition of 8-Br-cADPR. Lastly, 

antibody staining for αSMA revealed no change in ASM mass of young children’s airways 

following MCh treatment (Fig. 4E and F). Therefore, cholinergic stimulation exerts an 

age-specific effect on human ASM to enhance airway contraction in early childhood. Such 

an effect of MCh stimulation is likely mediated through the CD38 pathway and independent 

of ASM hyperplasia in the human airway, which is similar to our findings in primary human 

ASM cells (Fig. 3) and in neonatal mice (Fig. 1) (6).
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MCh promotes CD38 expression by activating PI3K-Akt in immature ASM cells.

After showing that the regulation of CD38-mediated Ca2+ signaling is essential for 

cholinergic deregulation of ASM contractility in early postnatal life, we focused on 

mechanisms further upstream. CD38 expression in ASM cells is known to be subject to 

transcriptional and post-transcriptional regulation through multiple pathways, such as the 

activation of Erk1/2, NFκB and PI3K (25). In ASM cells from young children, however, we 

found that MCh exposure had no impact on Erk phosphorylation (Fig. E5A). In addition, we 

found no age-related differences in the effect of MCh on NFκB levels in ASM cells (Fig. 

E5B). Therefore, we tested whether age-specific CD38 regulation by cholinergic stimulation 

was mediated via the PI3K pathway.

It is well-established that MCh signals via the muscarinic receptor type 3 in ASM to 

activate the intracellular PI3K-Akt pathway (28, 29). It is also known that the PI3K-Akt 

pathway participates in CD38 regulation in ASM (30). We hypothesized accordingly that 

MCh treatment could activate PI3K-Akt, and thereby elevate CD38 expression. To test this 

hypothesis, we assayed the activity of the PI3K-Akt pathway in primary human ASM cells 

using phosphorylated Akt (pAkt) as a surrogate of activation. Compared to saline treatment, 

MCh treatment for 6 hours increased the relative abundance of pAkt by ~60% in immature 

ASM cells, while it had no effect on pAkt levels in adult ASM cells (Fig. 5A and B). We 

then blocked PI3K-Akt signaling with a specific PI3K inhibitor, Wortmannin. We validated 

the efficacy of 0.1μM Wortmannin in preventing Akt phosphorylation during a 6-hour MCh 

treatment (Fig. 5C and D). At this effective concentration, Wortmannin completely abolished 

the increase in CD38 expression in immature ASM cells following MCh treatment (Fig. 

5E and F). A similar inhibition on MCh-induced CD38 upregulation was found using 

a second PI3K inhibitor, LY294003 (Fig. 5E and F). We conclude that MCh treatment 

age-dependently activates the PI3K-Akt pathway in immature ASM of young children, and 

this activated pathway leads to the elevation of CD38 expression.

MCh-induced hypercontractility of ASM cells from young children requires PI3K-Akt 
signaling.

To test whether blockade of PI3K-Akt signaling blunted MCh-induced hypercontractility of 

immature ASM cells, we treated primary ASM cells in culture and PCLSs from young 

children with MCh and the PI3K inhibitor, separately and in combination (Fig. 6A). 

Wortmannin (0.1μM) and LY294002 (10μM) had no effect on the Ca2+ response and airway 

constriction at baseline (Fig. 6B and C). However, following MCh treatment, both PI3K 

inhibitors prevented the augmentation of the Ca2+ response in immature ASM cells (Fig. 

6B) and abolished AHR to acute histamine stimulation (Fig. 6C). LY294002 (10μM) also 

diminished the increase in airway constriction in PCLSs from neonatal mice following MCh 

treatment (Fig. E6). These findings show that activation of the PI3K-Akt pathway by MCh 

treatment is required for the development of airway hypercontraction at an early age.

β2 adrenergic agonist has no effect on MCh-induced AHR in PCLSs from young children.

β2 adrenergic agonists, such as formoterol, primarily reverse the ASM contraction by 

activating the cyclic adenosine monophosphate-protein kinase A (cAMP-PKA) pathway 

and thus suppressing bronchoconstrictor-induced Ca2+ responses (31). To test whether 
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β2 agonists could prevent MCh-induced ASM hypercontractility in early life, we treated 

PCLSs from young children with a combination of 5nM Formoterol and MCh (Fig 6D). 

The dose of formoterol was chosen based on its high efficiency in airway relaxation 

as shown in a previous study (32). We found that formoterol treatment had no effect 

on airway hypercontraction induced by MCh treatment (Fig. 6E). Therefore, despite 

a potent airway relaxant effect, β2 adrenergic agonists have no therapeutic benefit to 

impede the development of AHR in PCLSs from young children following cholinergic 

hyperstimulation.

Discussion

This study has uncovered an age-related, cholinergic signaling mechanism that deregulates 

the contractile phenotype of ASM cells in young children. This mechanism, mediated 

by elevated expression and increased activities of CD38, is associated with upstream 

PI3K-Akt signaling and downstream Ca2+ signaling, leading to ASM hypercontraction 

and AHR. Our study has employed MCh treatment for an extended time period (2.5 

days) to induce ASM hypercontraction. Although MCh elicits relatively short-term airway 

contraction, we have provided evidence that MCh exerts a prolonged effect on the PI3K-Akt 

pathway and gene expression regulation in ASM cells. Our findings, in conjunction with 

similar observations in neonatal mice that MCh treatment is sufficient to induce AHR (6), 

highlight the susceptibility of immature ASM cells to the development of a hypercontractile 

phenotype. Given the evidence of elevated levels of nerve growth factors in young children 

at high risk for asthma (11) and aberrant increases in cholinergic ASM innervation in adult 

patients with persistent allergic asthma (9), cholinergic hyperstimulation of immature ASM 

cells may serve as a pathogenic mechanism underlying AHR. We also show that the β2 

agonist (formoterol), the first-line bronchodilator prescribed for children with wheezing and 

allergic asthma, has no effect on cholinergic deregulation of CD38 and induction of ASM 

hypercontractility in young children. In light of these new findings, targeting acetylcholine-

CD38 axis and upstream PI3K-Akt signaling may be considered as a tailored treatment 

for patients at a young age. Such treatment may also blunt the progression of AHR from 

childhood into adulthood.

Sensory afferents and cholinergic efferents are connected through the respiratory center 

neurons located in the brainstem to form a neurocircuitry that innerves ASM (33, 34). 

Sensory afferents can respond to a variety of environmental changes and inflammatory 

signals and subsequently trigger the firing of cholinergic efferents and the release of 

acetylcholine from nerve endings. The relay from environmental sensing to cholinergic 

stimulation of ASM may explain why a variety of environmental insults can similarly induce 

wheezing and AHR in young children.

The contraction of ASM cells is dependent on the elevation of the intracellular Ca2+ 

concentration through the activation of the PLC-IP3R pathway and the CD38-RyR pathway. 

Previous studies have shown that the CD38-RyR pathway plays a marginal role in mature 

ASM cells following agonist stimulation (32, 35). We report here that this pathway 

contributes significantly to the regulation of the contractility of immature ASM cells. 

Intriguingly, despite a higher expression level of CD38 in ASM in young children than 
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in adults, we observed no difference in baseline Ca2+ response to histamine in human 

ASM cells between age groups. This finding may reflect a compensatory effect on Ca2+ 

mobilization through the activated PLC-IP3R pathway in response to a high dose of 

histamine (10μM) tested in our assays. Similar functional compensation by the PLC-IP3R 

pathway was also observed in airway contraction assay comparing wild-type and CD38−/− 

mouse PCLSs when the agonist was applied at higher concentrations along the dose curve. 

However, the role of the CD38 pathway in ASM contractility becomes more prominent 

when the age-related difference in CD38 expression is exaggerated by MCh treatment of 

immature ASM cells.

The key determinant of age-related, cholinergic deregulation of ASM contractility is the 

activation of the intracellular PI3K-Akt pathway only in immature ASM cells, which in turn 

promotes CD38 expression. Previous studies have reported that the muscarinic 3 receptor 

itself is insufficient to alter the PI3K pathway in adult ASM cells. Instead, co-activation 

of tyrosine kinase receptor signaling is required to augment PI3K activities (28, 36–38). 

Whether and how the muscarinic 3 receptor interacts with a tyrosine kinase receptor to 

activate PI3K in immature ASM cells require future investigation. To block the PI3K-Akt 

pathway, our study has employed two different inhibitors, Ly294002 and Wortmannin that 

generate similar results. This approach has significantly reduced the concern of non-specific 

effects of Ly294002 on the Ca2+ response (39, 40). Of note, Wortmannin is not known to 

inhibit Ca2+ signaling.

Inhibitors of the PI3K-Akt pathway have been tested for therapeutic application in allergic 

asthma. For example, TG100–115(41), an inhaled PI3Kδ/γ inhibitor, was previously shown 

to reduce inflammation and AHR in a murine model of allergic asthma. A clinical trial of 

repeated inhalation of Nemiralisib (42), another highly selective PI3Kδ inhibitor in adult 

patients with persistent, poorly controlled asthma, has demonstrated safety and tolerability, 

although clinical improvement of the patients following the 28-day trial is not satisfactory. 

Based on our findings that the PI3K/Akt pathway may operate preferentially in young 

children to promote AHR, specific PI3K inhibitors may be more effective as an adjuvant 

treatment for children with allergic asthma than adult asthmatic patients. Along a similar 

line, specific blockers against the muscarinic 3 receptor and CD38 may also uniquely benefit 

children at high risk for and with allergic asthma.

Our study has several limitations. First, the sample size in each age group is relatively 

small. This caveat is offset by parallel studies in mice that identify a similar, age-related 

effect of MCh treatment on CD38 expression and ASM contractility. Second, there is a 

wide age gap between the young children and the adult groups. In addition, the available 

lung samples reflect only a few ages younger than 20 years of age. As such, the time 

window of postnatal maturation of human ASM cells needs to be further defined. Despite 

these limitations, clinical studies have identified the association of persistent asthma in 

adults with AHR apparent at an early age (3, 43, 44), which precisely is the focus of this 

study. Third, although our previous studies in neonatal mice have demonstrated persistent 

ASM hypercontractility following MCh treatment, whether cholinergic stimulation has a 

long-term impact on the contractile phenotype of ASM in young children warrants future 

investigation. Fourth, our experimental models exclude inflammatory signals that may 
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interact with cholinergic signaling in ASM cells to regulate the contractile phenotype. 

Fifth, using a single concentration and continuous exposure of MCh to simulate cholinergic 

hyperstimulation may be oversimplified. Furthermore, precisely how long MCh needs to 

be active to induce AHR in vivo is difficult to assess. Our rationale for choosing 2.5 days 

are: (i) it has been previously established by similar assays using neonatal mouse precision-

cut lung slices (6), (ii) while the acute contractile effect of MCh resolves within hours 

(45), based on the time course of Akt activation (6 hours), the effect of MCh on the PI3K-

Akt pathway likely outlasts its acute contractile effect, and (iii) induction of a sustained, 

hypercontractile phenotype of ASM likely involves changes in gene expression (such as 

CD38) that may require a relatively long exposure period, in the order of days. Notably, 

the current MCh treatment protocol has reproduced key features of ASM hypercontractility 

in neonatal mouse models of allergic asthma, and thus, serves as a relevant approach for 

studying the human ASM contraction in early life. Finally, our human PCLS study of 

combinatorial formoterol treatment was focused on one dose and one treatment regime. 

While follow-up studies are planned, we wish to point out that formoterol treatment in the 

mouse model of early life onset asthma similarly failed to reverse AHR and improve lung 

function in adult mice that were exposed to allergens as neonates (6).

In summary, our study has demonstrated that as ASM continues to mature during the 

postnatal development of the lung, mechanisms that regulate the contractile phenotype of 

ASM and, by extension, AHR, differ with age. Our findings highlight the deregulated 

acetylcholine-CD38 axis in the development of AHR in early childhood. Targeting this axis 

may modify the progression of airway hyperreactivity from childhood into adulthood.
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Refer to Web version on PubMed Central for supplementary material.
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Abbreviations:

AHR Airway hyperresponsiveness

Akt A serine/threonine kinase, also known as Protein kinase B

ASM Airway smooth muscle

cADPR Cyclic ADP-ribose

cAMP-PKA Cyclic adenosine monophosphate-protein kinase A

Cav1 Caveolin-1 gene

Erk Extracellular signal-regulated kinase
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MCh Methacholine

Mylk Myosin light chain kinase gene

NFκB Nuclear factor kappa B

OVA Ovalbumin

Ormdl3 ORMDL sphingolipid biosynthesis regulator 3 gene

PCLS Precision-cut lung slice

PLC-IP3R Phospholipase C-inositol trisphosphate receptor

PI3K Phosphoinositide 3-kinase

PTEN Phosphatase and Tensin Homolog

qPCR Quantitative polymerase chain reaction

RhoA Ras homolog family member A gene

Rock2 Rho associated coiled-coil containing protein kinase 2 gene

RyR Ryanodine receptor

siRNA Small interfering RNA

αSMA Smooth muscle alpha-actin

SMMHC Smooth muscle myosin heavy chain
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Key Messages:

• In early postnatal life, human ASM hypercontraction can be elicited by 

CD38-mediated cholinergic stimulation, independent of inflammation.

• Specifically, cholinergic signaling activates the PI3K/Akt pathway to increase 

CD38 expression and CD38-mediated Ca2+ responses in ASM cells.

• PI3K inhibitors, but not β2 adrenergic agonists, impede the development of 

ASM hypercontractility following cholinergic stimulation in early postnatal 

life.
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Figure 1. CD38 is required to augment mouse airway contractility in early life by MCh 
treatment.
(A, B) Gene expression analyses of CD38 and ryanodine receptor 3 (RyR3) in isolated ASM 

cells of neonatal and adult mouse models of ovalbumin (OVA) exposure. ASM cells were 

pooled from 5–7 mice as one sample. Mice subjected to saline exposure were controls. For 

neonatal exposure, mice were analyzed at postnatal day 21 (P21). The bar graph represents 

the average ± SEM of 2–3 independent samples. *p<0.05 by unpaired Student’s t-test. (C) 

The saline and MCh treatment scheme of wild-type (WT) and CD38 −/− mouse PCLSs 

prior to the airway contraction assay. (D) The dose curves of saline- and MCh-treated WT 

and CD38−/− airways in response to endothelin stimulation. Each point represented 16–18 

PCLSs from 4 CD38−/− mice or 8 slices from 2 wild-type mice at P21. *p<0.05 by two-way 

ANOVA followed by Tukey’s post-hoc test.
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Figure 2. CD38 expression differs with age in human ASM cells.
(A) Representative images of CD38 staining in the airways of young children and adults. 

Arrows mark CD38+ ASM cells. * marks CD38− cells in the basement membrane. Scale bar, 

20μm. (B) qPCR analyses of CD38 mRNA levels in primary ASM cells isolated from young 

children and adult lungs. (C) The level of CD38 protein expression in primary ASM cells 

from young children and adults. (D) Quantification of the CD38 protein level in primary 

ASM cells by densitometry. CD38 mRNA and protein level of ASM in young children 

group were expressed in ratio to adult ones. The bar graph represents the mean ± SEM of 2 

independent experiments of primary ASM cells from each donor and a total of 2 donors of 

each age group. *p<0.05 by unpaired Student’s t-test.
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Figure 3. MCh treatment increases the expression of CD38 and the Ca2+ response in ASM cells 
from young children.
(A) Experimental scheme of treating primary ASM cells from young children and 

adults with 10μM MCh or saline control for 2.5 days followed by 4-hour recovery and 

then subjecting them to gene, protein assay, and Ca2+ imaging. For CD38 knockdown 

experiment, primary ASM cells were transfected with siRNA for 1.5 days before saline 

and MCh treatment. (B, C) Western blot assay and quantification by densitometry of CD38 

protein expression in saline- and MCh-treated ASM cells from young children (B) and 

adults (C). Each bar graph represents the mean ± SEM of 2 independent experiments of 

ASM cells per donor and a total of 3 donors at each group. Data were normalized to saline 

treatment. (D) Representative traces and (E) the peak level of Ca2+ in response to 10μM 

histamine stimulation in saline- and MCh-treated young children and adult ASM cells. Each 
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bar represents 30–32 cells from 2 children and 15–18 cells from 2 adults. (F) Assessment 

of CD38 knockdown in primary ASM cells from young children by qPCR of CD38 mRNA 

levels and by western blot assay of CD38 protein levels. Data was normalized to scrambled 

siRNA control. (G) The peak Ca2+ response to 10μM histamine in CD38 knockdown ASM 

cells. Each bar represents 65–75 cells from 2 donors. (H) Ca2+ traces and (I) peaks to 10μM 

histamine stimulation in saline or MCh-treated young children’s ASM cells, in the presence 

or absence of 100μM 8-Br-cADPR (8-Br). Each bar represents at least 15 cells from 2 

donors. *p<0.05 by unpaired Student’s t-test.
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Figure 4. MCh treatment induces airway hypercontraction in PCLSs from young children.
(A) Experimental scheme of MCh treatment of human PCLSs followed by recovery 

and contraction assays in response to histamine stimulation. PCLSs were collected from 

the lungs of deceased young children and adults. Saline treatment was the control. (B) 

Representative images of PCLSs at baseline and following 10μM histamine stimulation. 

Arrows mark airways in PCLSs. Scale bars, 200μm. (C) The dose-response of saline- and 

MCh-treated human airways to histamine stimulation in PLCSs from different age groups. 

Airway contraction was quantified by normalizing the reduction in the airway area to 

the baseline level. Each point represents the average ± SEM of 24 PCLSs from 3 young 

children and 11 PCLSs from 3 adults. (D) The dose-response of human airways to histamine 

stimulation following saline or MCh ± 8-Br-cADPR (8-Br, 100μM) treatment. 8-Br was 
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applied 30 minutes prior to histamine stimulation. Each point represents the average ± SEM 

of 8–11 PCLSs from 3 young children. (E) Representative images of αSMA staining in 

saline- and MCh-treated PCLSs from deceased young children. Scale bars, 50 μm. The 

αSMA immunoreactivity around the airway was quantified in (F). The bar graph represents 

the average ± SEM of 8 PCLSs from 2 young children in each condition. * p<0.05 by 

two-way ANOVA followed by Tukey’s post-hoc test when comparing (C) MCh-treated to 

saline-treated airways or (D) MCh treated airways in the presence to absence of 8-Br.
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Figure 5. MCh upregulates CD38 expression by activating the PI3K-Akt pathway in primary 
ASM cells from young children.
(A) Western blot assay and (B) densitometric quantification of the phosphorylated Akt 

(pAkt) and the total Akt in primary ASM cells from young children and adults following 

10μM MCh treatment for 0, 2, and 6 hours. The extent of pAkt was expressed as the ratio 

to Akt. Data were normalized to 0-hour MCh treatment. (C) Western blot assay and (D) 

densitometric quantification of 6-hour MCh-induced Akt phosphorylation with and without 

the PI3K/Akt inhibitor Wortmannin (Wort, 0.1μM). Data were normalized to 0-hour MCh 

treatment in the absence of Wort. (E) Western blot analyses of CD38 expression in primary 

ASM cells from young children treated with 10μM MCh and the PI3K/Akt inhibitor, alone 

or in combination. β-actin is the loading control. The level of CD38 in each experimental 

group was quantified by densitometry in (F). Bar graphs represent the mean ± SEM of 2 

Bai et al. Page 25

J Allergy Clin Immunol. Author manuscript; available in PMC 2023 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



independent experiments per donor and a total of 2 donors of each age group. * p<0.05 by 

unpaired Student’s t-test.
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Figure 6. PI3K inhibitors, but not β adrenergic agonist, block ASM hypercontractility in PCLSs 
from young children following MCh stimulation.
(A) Scheme of MCh treatment of ASM cells and PCLSs with and without the presence 

of 10μM Ly294002 (Ly) or 0.1μM Wortmannin (Wort). After recovery, ASM cells were 

subjected to Ca2+ imaging, and PCLSs were subjected to airway contraction assay. (B) The 

peak Ca2+ response to 10μM histamine in primary ASM cells from young children in each 

experimental group. Data represent the mean ± SEM of 70–80 cells from 2 donors in each 

group. *p<0.05 by unpaired Student’s t-test. (C) Airway contraction in response to histamine 

stimulation of PCLSs from young children with and without the treatment of MCh and the 

PI3K/Akt inhibitor. (D) Scheme of MCh treatment of PCLSs with and without the presence 

of 5nM Formoterol (Form). (E) Airway contraction in response to histamine stimulation of 

PCLSs from young children with and without the treatment of MCh and Formoterol. Each 
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point represents the results of 12–13 PCLSs from 3 donors. * p<0.05 by two-way ANOVA 

followed by Tukey’s post-hoc test in (C) and (E).

Bai et al. Page 28

J Allergy Clin Immunol. Author manuscript; available in PMC 2023 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	Graphical Abstract
	Capsule summary:
	Introduction
	Methods
	Mice:
	Human donor lungs:
	Preparation of the precision-cut lung slice (PCLS) and airway contraction assay:
	Isolation of primary human ASM cells:
	Isolation of mouse ASM cells:
	siRNA transfection of primary human ASM cells:
	In vitro treatment of PCLS and primary human ASM cells:
	Ca2+ imaging:
	Western blot:
	Antibody staining:
	Gene expression analysis:
	Statistical Analysis:

	Results
	CD38 is required for MCh-induced ASM hypercontraction in neonatal mice.
	CD38 expression in human ASM cells decreases with age.
	MCh treatment elevates CD38 expression and Ca2+ responses in immature ASM cells.
	MCh treatment enhances airway constriction in PCLSs from young donors.
	MCh promotes CD38 expression by activating PI3K-Akt in immature ASM cells.
	MCh-induced hypercontractility of ASM cells from young children requires PI3K-Akt signaling.
	β2 adrenergic agonist has no effect on MCh-induced AHR in PCLSs from young children.

	Discussion
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Figure 6.

