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Cystic fibrosis (CF) airway disease is characterized by excessive and accumulative mucus in the airways. Mucociliary clearance becomes defective as mucus secretions become hyperconcentrated and viscosity increases. The CFTR-knockout (KO) rat has been previously shown to progressively develop delayed mucociliary transport, secondary to increased viscoelasticity of airway secretions. The humanized-G551D CFTR rat model has demonstrated that abnormal mucociliary clearance and hyperviscosity is reversed by ivacaftor treatment. In this study, we sought to identify the components of mucus that changes as the rat ages to contribute to these abnormalities. We found that Muc5b concentrations, and to a lesser extent Muc5ac, in the airway were increased in the KO rat compared to WT, and that Muc5b concentration was directly related to the viscosity of the mucus. Additionally, we found that methacholine administration to the airway exacerbates these characteristics of disease in the KO, but not WT rat trachea. Lastly we determined that at 6 months of age, CF rats had mucus that was adherent to the airway epithelium, a process that is reversed by ivacaftor therapy in the hG551D rat. Overall, these data indicate that accumulation of Muc5b initiates the muco-obstructive process in the CF lung prior to infection.
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INTRODUCTION
Cystic fibrosis (CF) is a genetic disorder caused by mutations to the cystic fibrosis transmembrane conductance regulator (CFTR) gene (Kerem et al., 1989; Riordan et al., 1989; Rommens et al., 1989), which in turn leads to reduced or absent CFTR protein function to move anions across the surface of the epithelium (Poulsen et al., 1994). In the absence of appropriate chloride and bicarbonate transport, the epithelial surface has reduced airway surface liquid, decreased pH, and decreased mucociliary transport, resulting in excess mucus accumulating in the airways (Matsui et al., 1998; Pezzulo et al., 2012; Birket et al., 2014). In affected organs, including and especially the lung, long-term sequelae of excess mucus are chronic and recurrent infection, completely occluded small airways, and decreased lung function (Gibson et al., 2003). However, new therapies, termed highly effective modulator therapies (HEMT), have recently been approved to treat specific mutations to the CFTR (Accurso et al., 2010; Davies et al., 2018; Clancy et al., 2019). Ivacaftor, designated a CFTR potentiator (Van Goor et al., 2009), has been shown to increase activity of the G551D mutation in patients with CF, resulting in better lung function, improved quality of life, and increased time to exacerbation (Ramsey et al., 2011; Rowe et al., 2014). There is strong evidence that ivacaftor reduces mucus obstruction and improves mucociliary clearance (Donaldson et al., 2018), although the effects on more long-term sequelae, such as infection and inflammation, are still not clear.
In recent years, mounting evidence across multiple experimental model systems has shown that abnormal mucus accumulation is characterized by increased concentrations of mucins (Hill et al., 2014; Button et al., 2016), appears early in disease (Esther et al., 2019) independently or before infection (Birket et al., 2018; Rosen et al., 2018), and is adherent to the airway surface (Gustafsson et al., 2012; Ostedgaard et al., 2017; Ermund et al., 2018; Fischer et al., 2019). Mucins are highly glycosylated, large proteins that are secreted from airway submucosal glands and goblet cells (Voynow and Rubin, 2009; Ma et al., 2018). In their normal function, mucins sweep along the airway surface to clear irritants and pathogens from the lungs (Ermund et al., 2017a), a process that is likely disrupted in the context of CF (Kreda et al., 2012). There are two secreted mucins that are predominant in the lung; Muc5b and Muc5ac. While Muc5b is the predominant mucin in health, and has been most directly linked with cystic fibrosis airway disease (Burgel et al., 2007; Abdullah et al., 2017; Ermund et al., 2017a), Muc5ac is also present and may be a marker of more progressive disease (Henke et al., 2007; Livraghi-Butrico et al., 2017). The two secreted mucins interact to promote appropriate airway clearance (Ermund et al., 2017a; Ostedgaard et al., 2017). Additionally, Muc5b in particular is associated with a positive-feedback loop with the cytokine IL-1β, thereby contributing to the hyperinflammatory phenotype that is also characteristic of the CF lung (Chen et al., 2019).
Previously, our lab has shown that the appearance of abnormal mucus is progressive, as evidenced by an age-dependent development of hyperviscous and static mucus in the CFTR-KO rat model (Birket et al., 2018). CFTR-KO rats at 1 month of age have airways characterized by abnormally low pH and depleted airway surface liquid, but normal mucus viscosity and transport. However, by 6 months of age, CFTR-KO rats exhibit severely delayed mucociliary transport coupled with significantly increased effective viscosity, followed by increased susceptibility to development of chronic infection (Henderson et al., 2022). We also showed, using a humanized G551D-CFTR rat model, that administration of ivacaftor can reverse these pathologies, reducing mucociliary transport and normalizing effective viscosity (Birket et al., 2020). However, the role of the secreted mucins in the CF rat airway and how each mucin contributes to the progression of the abnormal mucus defect is not yet clear. This study was undertaken to determine the contribution of the secreted mucins Muc5b and Muc5ac to the mucus abnormality in the CF rat models, and how ivacaftor might be correcting the mucus defect.
MATERIALS AND METHODS
Cystic Fibrosis Transmembrane Conductance Regulator Rat Models
All animal experiments at UAB were conducted in accordance with UAB IACUC approved protocols. Experiments were conducted using two different rat strains. SD-CFTRtm1sage rats (Horizon Discovery, St. Louis, MO), either the CFTR−/− (termed KO) or their littermate controls, CFTR+/+ (termed WT), were bred and genotyped as previously described (Tuggle et al., 2014). In brief, heterozygote (CFTR+/−) male and female were paired to generate WT and KO pups. Some experiments used the humanized-G551D-CFTR strain (Birket et al., 2020), either homozygous G551D (termed hG551D) or their littermate controls without the G5521D insert (termed WT). This rat strain was bred and genotyped as previously described. Heterozygote (CFTRhG551D/−) male and female were paired to generate WT and hG551D pups, as above. All animals were bred and housed in standard cages maintained on a 12 h light/dark cycle with ad libitum access to food and water, in temperatures ranging from 71°F–75°F. KO and hG551D, along with WT controls, were maintained on a standard rodent diet with supplemental DietGel 76A (Clear H20, Westbrook, ME, United States) and 50% Go-LYTLEY (Braintree Laboratories, Inc., Braintree, MA, United States) added to the water from weaning, as a means to reduce mortality from gastrointestinal obstruction. WT and KO rats were assayed at 1, 3, or 6 months of age, while the hG551D studies were conducted at 6 months of age. Groups were split as evenly as possible between males and females.
Bronchoalveolar Lavage
Rats were euthanized via intraperitoneal injection of 500 μL pentobarbital sodium (390 mg/ml). Rats were exsanguinated, the thoracic cavity exposed, and intubated via the lower trachea. 5 ml of sterile, cold PBS pushed into the lungs and recollected into a separate sterile syringe using a two-way stopcock. Bronchoalveolar lavage fluid (BALF) was centrifuged at 1200 rpm for 7 min, and the supernatant transferred for cytokine and mucin analysis. IL-1β was analyzed by ELISA (Abcam, Cambrige, MA, United States).
Mucin Analysis
Muc5b and Muc5ac were detected on nitrocellulose membranes using modified dot blot methods (Thornton et al., 1996) and antibodies selective for each mucin (Muc5b ab121025, lot# GR3383105-1; Muc5ac ab24071, lot# GR3321372-2) Abcam, Cambridge, MA, United States), as previously performed (Henderson et al., 2022). Signal was detected with HRP-secondary antibodies and the SuperSignal West Femto Maximum Sensitivity Substrate (Thermofisher Scientific, Grand Island, NY, United States). Blots were detected for chemiluminescence and analyzed by densitometry using ImageJ software. Samples were normalized to age-matched WT control average values.
Gene Expression
Lung tissue harvested from WT, KO, and hG551D rats was homogenized, followed by Rneasy (Qiagen, Venlo, Netherlands) extraction and purification, following the manufacturer instructions. RNA was converted to cDNA and amplified using the Taqman RNA-to-CT 1-Step Kit (ThermoFisher Scientific, Waltham, MA, United States), according to instructions. Taqman probes for Muc5b (Rn01502008_m1), and Muc5ac (Rn01451252_m1), were compared to rat Gapdh as a housekeeping gene, and normalized to WT. Amplifications were conducted using a ProFlex PCR System (Applied Biosciences, ThermoFisher Scientific, Waltham, MA, United States). Data were analyzed to present ddCt.
Histology
Tracheae and lungs were immersion fixed in 10% phosphate-buffered formalin and embedded in paraffin blocks for sectioning, as previously performed (Tuggle et al., 2014). Sections were stained with hematoxylin and eosin (H&E) or alcian blue Periodic acid Schiffs (ABPAS).
Adhesion Assay
Tracheae were excised from WT and KO rats, at baseline or treated with methacholine as below. Tracheae were opened along the dorsal side and placed on gauze soaked in F12 media. 5 μL of 10% Alcian Blue dissolved in PBS was pipetted into the lumen, evenly distributed along the length. Tracheae were imaged followed by three successive washes with 20 μL of PBS and imaged again. Using ImageJ, the overall density of the Alcian Blue compared to the surface area of the trachea before washing was used to calculate the % area covered. The surface area of the trachea after the wash steps was calculated to indicate the % of Alcian Blue retained.
Micro-Optical Coherence Tomography Image Acquisition and Analysis
Functional microanatomic measurements of ex vivo tissue were performed using micro-Optical Coherence Tomography (μOCT), a high-speed, high-resolution microscopic reflectance imaging modality, as previously described (Liu et al., 2013; Chu et al., 2016). Trachea were excised and immediately placed on gauze soaked in F12 media, such that the apical surface of the trachea remained media-free, and incubated under physiologic conditions (37°C, 5% CO2, 100% humidity; using live-cell imaging incubation systems, Carl Zeiss, Oberkochen, Germany). Trachea were allowed to equilibrate for 30 min before imaging. Mucociliary transport (MCT) rate was determined using time elapsed and distance traveled of native particulates in the mucus over multiple frames. For each trachea, images were acquired at standard distances along the ventral surface with the optical beam scanned along the longitudinal axis.
Particle Tracking Microrheology
Particle-tracking microrheological techniques were used to measure viscosity of mucus on rat tracheae in situ. Tracheae were treated with 0.1% benzalkonium chloride (Acros Organics, New Jersey, United States) 1 h at 37°C to stop ciliary beating. Polystyrene (PS) beads were used as previously described (Chu et al., 2016). Baseline μOCT images were acquired, tracheae were incubated for 30 min at 37°C on media with 100 μM acetylcholine, and then μOCT images were acquired. Images were analyzed using ImageJ and the SpotTracker plugin (http://bigwww.epfl.ch/sage/soft/spottracker/SpotTrackerX2D_.jar). Resulting particle tracks were analyzed with custom Matlab procedures to compute mean squared displacement (MSD) while subtracting spurious bulk motion common to all tracks. Dynamic viscosity was derived from MSD by application of the generalized Stokes-Einstein relation.
Pharmacologic Administration
WT and KO rats at 6 months of age received methacholine (MilliporeSigma, St. Louis, MO, United States) administration to stimulate mucus release in the airways (Fischer et al., 2019). Methacholine was reconstituted in sterile normal saline and administered at a dose of 10 μg/kg/day via subcutaneous injection. Rats received methacholine daily for 7 days before sacrifice for tissue collection. hG551D rats received administration of ivacaftor, obtained from Selleckchem (Houston, TX, United States), and suspended in methylcellulose. Rats were dosed for 14 days with at 30 mg/kg/day or 3% methylcellulose vehicle by oral gavage.
RESULTS
Increased Mucin Protein in the Airways of Cystic Fibrosis Transmembrane Conductance Regulator-Knockout Rats
Increased mucin concentrations of airway secretions in the CF lung have been long documented (Button et al., 2012; Button et al., 2016), but it is not clear whether this observation is because the CF epithelium is producing more mucin protein or because the mucin that is secreted is not cleared via mucociliary transport (MCT). Our lab has previously shown that tracheal MCT decreases as the rats age but has not until now measured the content of the specific mucins in airway secretions, or determined if increased mucin production correlates with decreasing MCT. To determine this, we measured Muc5b and Muc5ac secretions in the airways, via bronchoalveolar lavage fluid (BALF), as well as concentrations of the cytokine IL-1β, which has been shown to increase mucin production as part of a positive feedback signaling loop (Chen et al., 2019). Importantly, the rats that were included in this study were not infected (Tuggle et al., 2014), thus allowing us to assess mucin production at baseline. Compared to the 1 month WT control, the amount of Muc5b did not change as the WT littermates aged, while the amount of Muc5b present in the CFTR-KO airways increased significantly by 3 months of age, remaining high in the KO rats at 6 months of age as well (Figure 1A). Similarly, the amount of Muc5ac in the airways did not change as the WT rats aged, while the CFTR-KO had significantly higher Muc5ac by 6 months of age (Figure 1B). Correspondingly, concentrations of the cytokine IL-1β in the BALF increased in the CFTR-KO by 3 and 6 months of age, significantly higher than the amount of IL-1β in the BALF of the WT littermates (Figure 1C), even considering that IL-1β increases in the WT over age (with no statistical difference between 1 and 3 months, and the 6 months WT increased over 1 month, with a p value < 0.0001).
[image: Figure 1]FIGURE 1 | Mucin increases in BALF in the CFTR-KO rat over age. Wild-type (WT) and CFTR-KO (KO) rats at 1, 3, and 6 months of age underwent bronchoalveolar lavage to detect mucins in the resultant fluid (BALF). (A) Muc5b and (B) Muc5ac protein detection on dot blot was normalized to the WT at each age. (C) IL-1β concentrations in the BALF were detected via ELISA. Data are represented as mean ± SD and analyzed via a two-way ANOVA with Sidak’s post-test. n = 6/group. *p < 0.05, **p < 0.01, ****p < 0.0001. mRNA quantification from lung tissue of the same rats was conducted on (D) Muc5b and (E) Muc5ac expression, and were compared to the housekeeping gene Gapdh and then normalized to the 1 month old WT to present ΔΔCt. The line represents the mean. Data were analyzed with one-way ANOVA using Dunnett’s post-test.
We also extracted mRNA from the lungs of WT and KO rats at 1, 3, and 6 months of age, to assess for gene production of Muc5b and Muc5ac. Again, compared to the 1 month WT rats, 3 and 6 months WT rats had a slightly higher, though not statistically significant, increase in Muc5b (Figure 1D) and Muc5ac (Figure 1E) gene expression. Compared to the WT, the CFTR-KO gene expression of each mucin was again slightly increased but not significantly different. This suggests that the excess mucin in the airways of CFTR-KO rats at 3 and 6 months of age is due to accumulation, rather than overproduction.
Methacholine Stimulation Increases Mucin Release and Accumulation
In previous studies, we have found that the KO rats have higher numbers and size of goblet cells in the large airways as they age, compared to WT (Birket et al., 2018). While gene expression of Muc5b and Muc5ac was no different between the two genotypes, at any age, we wondered if the epithelial layer of the CFTR-KO had more mucins in storage, prepared for release into the airway in the event of an infection or in response to an airway irritant. To determine if this was the case, we treated WT and KO rats at 6 months of age with systemic methacholine, to cause release of any mucus granules into the airway. After 7 days of treatment, we assessed the lungs and BALF of the WT and KO rats for the same metrics. We found again that, compared to WT rats that had received methacholine, KO rats had higher amounts of Muc5b (Figure 2A) and Muc5ac (Figure 2B). Correspondingly, there was more IL-1β in the KO rat BALF as well (Figure 2C). However, comparing the change in each mucin in the airway over what was measured in the baseline 6 month old rats revealed some important physiology. WT rats had slightly less Muc5b after methacholine compared to baseline (Figure 2D) and no change in Muc5ac (Figure 2E). This suggests that methacholine resulted in overall increased mucin clearance from the airways, rather than increasing the concentration in the airway. In contrast, compared to the baseline rats, KO rats treated with methacholine had increased Muc5b (Figure 2D) and increased Muc5ac (Figure 2E), indicating the KO rats have increased mucin stores that are not able to be cleared via the normal mucociliary clearance process. This was confirmed on histological examination. WT rats at baseline had very few mucus-positive stained cells, by AB-PAS and no detectable mucus in the airway lumen (Figure 2F). Methacholine administration resulted in an increase in mucus-positive stained cells in the epithelial layer but did not cause mucus to accumulate in the airways. KO rats at baseline had both increased numbers of mucus-positive stained cells, by AB-PAS, and some mucus strands present on the surface of the epithelium (Figure 2F, black arrows) compared to the WT. However, the KO rats treated with methacholine had dramatically increased numbers of mucus-positive stained cells as well as mucus detected along the surface of the epithelium. The accumulations on histological examination suggest that there is adherence of the mucin to the epithelial layer in the KO rat only.
[image: Figure 2]FIGURE 2 | Methacholine administration increases mucin in the BALF. WT and KO rats at 6 months of age received methacholine subcutaneously for 7 days, with BALF analysis on day 8. (A) Muc5b and (B) Muc5ac in the BALF were detected via dot blot, and KO normalized to WT values. (C) IL-1β concentrations in the BALF were detected via ELISA. (D) Muc5b and (E) Muc5ac in the BALF were compared to the mucin detection from Figure 1 to calculate a Δ over baseline. Lines on each graph represent the mean. Data were analyzed via student’s t-test. *p < 0.05, **p < 0.01, ***p < 0.001. (F) Representative histologic images with AB-PAS staining are shown from three separate experiments from WT and KO at baseline as well as WT vs. KO after methacholine treatment. Black arrows indicate mucus detected on the surface of the epithelium. Black scale bar = 200 μm.
Mucus is Abnormally Adherent to the Airways of the Cystic Fibrosis Transmembrane Conductance Regulator-Knockout Rat
In order to determine if the mucus in the KO rat is more adherent to the epithelia, we used a modified version of retention measurement, adapted from previous methods conducted on piglet tracheae (Ermund et al., 2017a). In this experiment, tracheae were excised from WT and KO rats at 6 months of age and incubated at physiologic conditions. Alcian Blue, dissolved in PBS, was applied to the apical surface of the tracheae, incubated to allow binding to the mucus on the airway surface, and imaged. Repeat washing steps removed mucus that was not adherent to the airway epithelium. Comparing images from before and after the wash steps allowed us to calculate a percent of Alcian Blue retained. Representative images are shown from the WT and KO rats at baseline, both before (Figure 3A) and after (Figure 3B) washing, as well as the rats treated with methacholine, both before (Figure 3C) and after (Figure 3D) washing. In the WT trachea, very little mucus is retained after the wash steps, in both baseline (Figure 3E) and methacholine (Figure 3F) conditions. However, there was no difference in the mucus present on the KO rat tracheae after the wash steps at baseline (Figure 3E) or in the rats treated with methacholine (Figure 3F). As expected, trachea from KO rats treated with methacholine had more mucus present compared to the baseline conditions. These data indicate that the mucus secreted on the surface of the KO rat airway is adherent to the epithelium.
[image: Figure 3]FIGURE 3 | Mucus is adherent to the CFTR-KO rat epithelium. Tracheae were excised from WT and KO rats at 6 months of age and incubated at physiologic temperatures. Adherence assays measured Alcian Blue on the surface of each trachea before and after rigorous washing. Representative images are shown from baseline (A) before and (B) after washing and in methacholine-treated rats (C) before and (D) after methacholine administration. Black scale bar = 2 cm. % Retention was calculated using ImageJ from images collected at (E) baseline and (F) following methacholine stimulation. White scale bar = 1 cm. Lines represent mean. Mann-Whitney test was conducted to compare before and after from each condition. *p < 0.05, ***p < 0.001, ****p < 0.0001.
Muc5b is Correlated to Viscosity but not Transport
Because older KO rats had increased amounts of both Muc5b and Muc5ac, an increase that coincided with changes to mucus transportability, we wanted to know if one mucin was predominantly associated with the previously observed decrease in MCT rates or increase in mucus effective viscosity (Birket et al., 2018). To determine this, we calculated the ratio of Muc5b:Muc5ac in each BALF sample, including all three ages of WT and KO rats, and plotted the results against the previously observed viscosity and transport measurements. When compared to effective viscosity, there was a moderate correlation between the Muc5b:Muc5ac ratio and effective viscosity in samples from WT rats (r2 = 0.4112, Figure 4A), although the trendline was not significantly different than zero (p = 0.244). However, in the KO rat samples, the trendline was highly correlated (r2 = 0.7845, Figure 4A) and the slope was significantly non-zero (p < 0.05). These data indicate that in the KO, the more Muc5b compared to Muc5ac in the mucus sample, the higher the viscosity. Interestingly, there was no relationship between the Muc5b:Muc5ac ratio and MCT rates in either WT or KO rat samples (Figure 4B), indicating that transportability is not dependent upon the amount of single mucin.
[image: Figure 4]FIGURE 4 | Viscosity is dependent on Muc5b:Muc5ac ratio. Ratios were performed by calculating the proportion of Muc5b and Muc5ac on the data presented in earlier figures. (A) Data were compared to viscosity measurements conducted previously on mucus samples from baseline samples and samples collected under methacholine stimulation (in triangle shape). Linear regression was calculated for the measurements from WT and KO separately. KO points generated a line that was significantly non-zero and had an r2 of 0.785, while WT points generated a line that was not significantly different than zero and had an r2 of 0.4112. (B) Muc5b:Muc5ac ratios were also compared to mucociliary transport rates measured in WT and KO rats at baseline and under methacholine stimulation. These points generated lines that were not significantly different than zero in either genotype.
Ivacaftor Corrects Mucus Accumulation and Adherence in a Humanized-G551D-Cystic Fibrosis Transmembrane Conductance Regulator Model
Previous studies have determined that highly effective modulator therapies (HEMT), such as ivacaftor, can increase mucociliary clearance in patients with targeted mutations (Donaldson et al., 2018). We have similarly shown that ivacaftor administration to rats with a humanized-G551D version of the CFTR protein (hG551D rats) have normalization of MCT rates and effective viscosity of airway mucus (Birket et al., 2020), returning to WT values. We wanted to know if these corrections were due to a decrease in mucins present in the airway secretions or due to a reduction in mucus adhesion to the epithelial surface. To determine this, we treated 6 month old hG551D rats with either ivacaftor or methylcellulose vehicle for 14 days, and then identified the content of Muc5b and Muc5ac. Compared to age-matched WT rats, hG551D rats had more Muc5b detected in the BALF (p < 0.0001, Figure 5A). Treatment of the hG551D rats with ivacaftor normalized the Muc5b content to WT levels. Similarly, hG551D rats treated with vehicle alone had significantly more Muc5ac in the BALF (p < 0.001, Figure 5B), which was also decreased when the rats were treated with ivacaftor. Additionally, vehicle treated hG551D rats had no difference between the before and after wash mucus staining in the retention test. However, treatment with ivacaftor resulted in reduced mucus adhesion (Figure 5C), with percent retention values after wash reduced, similar to the WT (p < 0.05 for each).
[image: Figure 5]FIGURE 5 | Ivacaftor normalizes mucin content of the BALF in hG551D rats. WT and hG551D rats at 6 months of age underwent bronchoalveolar lavage. hG551D rats were split into groups that received vehicle or ivacaftor therapy for 7 days. (A) Muc5b and (B) Muc5ac were detected in BALF following the treatment. (C) % Retention was calculated from before and after washing on tracheae collected from WT, hG551D, and hG551D + ivacaftor. Representative images from hG551D and hG551D + ivacaftor (D) before wash and (E) after wash. Black scale bar = 1.5 cm. Lines on the graphs represent the mean. Data were analyzed using one-way ANOVA with Dunnett’s post-test. *p < 0.05, ***p < 0.001, ****p < 0.0001.
DISCUSSION
In the healthy lung, mucus and its components are vital host defense factors, functioning to trap and remove irritants, pathogens, and particulates before damage to the tissue occurs (Rose and Voynow, 2006). As the major protein components of mucus (Voynow and Rubin, 2009), mucins must be present in appropriate concentrations. Too little mucin present reduces host defense efficacy (Roy et al., 2014), while too much mucin leads to occluded airways (Livraghi-Butrico et al., 2017). Importantly, excess mucus and mucins have been found in CF lungs prior to detectable infection (Rosen et al., 2018; Esther et al., 2019), strongly suggesting that increased mucin is a direct result of malfunctioning CFTR. This data, collected from both human samples and laboratory models, also suggests that excess mucins may be an initiating factor in subsequent infection. Data from our lab published recently indicate that chronic infection with P. aeruginosa develops only in the KO rats that have abnormal amounts of Muc5b prior to exposure (Henderson et al., 2022). Therefore, excess mucin remains an important therapeutic target in CF, as well as other diseases characterized by airway mucus obstruction.
Importantly, a major physiologic difference between the young and old CF rats lies in the progressive development of submucosal glands in the large airways, previously reported (Birket et al., 2018). This development corresponds to the development of the mucociliary transport defect and the increase in mucus effective viscosity. As an important producer of mucus, it is reasonable to hypothesize that glands are a major contributor to the effects seen in these studies, especially the adhesion data which matches studies from larger animal models that also have abundant submucosal glands (Ermund et al., 2017a). However, as indicated by the lung sections that show mucus accumulation in the lower airways, the mucus abnormalities are likely occurring throughout the large and small airways. These data are matched by an increase in IL-1β as the KO rats age; although the increase occurs to a lesser extent in the WT rats, which do not have increased expression of mucins, this may be function of normal aging that is exacerbated in the KO lung and specifically linked to the muco-inflammatory cycle.
An ongoing discussion in the field of CF airway disease revolves around the excess mucus and mucins that are present in this patient population, specifically whether mucins are produced and secreted in excess or are simply not cleared via normal mucociliary clearance, allowing them to accumulate in concentration (Henderson et al., 2014). Data presented in this paper indicate that the production of mucins at the mRNA expression level is not different in KO rats prior to exacerbating trigger, such as bacterial infection. This was surprising, especially considering the increase in goblet cells seen in the KO airways in this study and previously reported (Birket et al., 2018). Therefore, in the uninfected rats, increased presence of Muc5b, and Muc5ac to a lesser extent, are more likely a product of inefficient mucus clearance. This is supported by the data collected from rats that have received methacholine administration; while mucin secretion increases in both WT and KO rats, the WT appears to clear the excess mucus effectively, in contrast to the accumulation of mucus observed in the KO. Previously published data that the KO rats at 6 months of age have severely decreased mucociliary transport support our conclusion that overproduction of mucins is not the underlying factor leading to accumulating mucus and mucins in the CF airways.
While our study found a weak association between the ratio of Muc5b:Muc5ac in the airways with mucociliary transport rates, it demonstrated a strong association with effective viscosity of the mucus in the airways. Previous reports from our lab have identified viscosity as the property of mucus which leads to decreased mucociliary transport; when mucus viscosity reaches a certain threshold, transportability of that mucus decreases significantly (Liu et al., 2014; Birket et al., 2018; Fernandez-Petty et al., 2019). The data presented in this paper suggest that the proportion of mucus that is Muc5b is the presiding factor contributing to effective viscosity. This is an important mechanistic detail that may lead to therapeutic interventions; several therapeutics targeting mucus viscoelasticity are currently under development and have shown promise (Ermund et al., 2017b; Fernandez-Petty et al., 2019; Morrison et al., 2019; Morrison et al., 2022). By reducing viscoelasticity below the threshold of transportability, excess mucus would be more likely to be cleared from the airways, as happens in the WT rats in this study. This data suggests that targeting Muc5b specifically to normalize effective viscosity may be a viable therapeutic approach, either as a mutation-agnostic therapeutic or complementary to modulators.
Highly effective CFTR modulators (HEMT), including ivacaftor, have been strongly associated with patient benefit, resulting in increased pulmonary lung function, improved quality of life, and decreased episodes of exacerbation (Rowe et al., 2014; Heltshe et al., 2015; Miller et al., 2022). However, modulators have not yet shown complete benefit toward eliminating infection and inflammation (Hisert et al., 2017; Singh et al., 2019). which leaves patients with a burden of morbidity that continues to require additional therapies. Mechanistically it is not yet understood why HEMT regimens fail to completely restore lung health, although recently published data from our group indicates that ivacaftor restores inflammatory metrics incompletely following inflammatory trigger (Green et al., 2021). The data presented in the present study indicate that Muc5b in the hG551D rat is restored to WT following ivacaftor administration, but that potentiator therapy is less effective at reducing Muc5ac. The treatment effect is, however, enough to reduce the incidence of mucus adherence to the surface of the airway, and has previously been shown to restore mucociliary transport rates and effective viscosity (Birket et al., 2020), corroborating reports that HEMT reduces mucus adhesion and accumulation in human bronchial epithelial cells (Morrison et al., 2022). However, the remaining Muc5ac seen in the hG551D airway even with CFTR correction may predispose the lung to a worsened response to bacterial exposure (Henke et al., 2007). These mechanisms will be the focus of future studies in the CF rat models.
Overall, the data presented here demonstrate that the progressive development of mucus accumulation in the CFTR KO rat corresponds to increased Muc5b and Muc5ac in the airways, that the accumulation of mucus is likely due to reduced clearance and increased adhesion, and that these manifestations of lung disease may be reversed with ivacaftor therapy. This study has some limitations; namely, that the data presented here have been collected prior to bacterial infection. CF rat models that survive to experimentation have evidence of progressive lung inflammation, but their airways remain bacteria free. While previous reports from our group has examined the effects of mucin secretion in the development of chronic airway infection (Henderson et al., 2022), we have yet to understand the effects of CFTR modulators in this context. This condition will be crucial to understanding why patients on HEMT regimens remain infected. Lastly, while the CF rat models develop progressive damage to the lungs via inflammation and mucus accumulation, as well as developing chronic infection with pathogens such as P. aeruginosa, they are difficult to keep alive during severe lung disease such as bronchiectasis. One lung damage becomes that severe, mucus accumulation is more recalcitrant to clearance (Munoz et al., 2018), and HEMT drugs like ivacaftor may be less effective at achieving normalization of mucus content and viscoelastic properties. Therefore, continued investigation into this very late stage of disease will be required.
DATA AVAILABILITY STATEMENT
The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.
ETHICS STATEMENT
The animal study was reviewed and approved by the University of Alabama at Birmingham IACUC.
AUTHOR CONTRIBUTIONS
SB conceived of the experiments; JK, AH, CF-P, JD, AO, and SB performed the experiments; JK, CF-P, and SB analyzed the data; SB contributed reagents, materials, and/or analysis tools; SB wrote the manuscript and supervised the project.
FUNDING
Funding was provided by the National Institutes of Health, Heart, Lung, and Blood Institute (1K08HL131867, 1R01HL153079) and the Cystic Fibrosis Foundation (BIRKET20G0, BIRKET18I0, ROWE19R0).
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Abdullah L. H., Evans J. R., Wang T. T., Ford A. A., Makhov A. M. Nguyen K., et al. (2017). Defective Postsecretory Maturation of MUC5B Mucin in Cystic Fibrosis Airways. JCI Insight 2, e89752. doi:10.1172/jci.insight.89752
 Accurso F. J., Rowe S. M., Clancy J. P., Boyle M. P., Dunitz J. M. Durie P. R., et al. (2010). Effect of VX-770 in Persons with Cystic Fibrosis and the G551D-CFTRMutation. N. Engl. J. Med. 363, 1991–2003. doi:10.1056/nejmoa0909825
 Birket S. E., Davis J. M., Fernandez C. M., Tuggle K. L., Oden A. M. Chu K. K., et al. (2018). Development of an Airway Mucus Defect in the Cystic Fibrosis Rat. JCI Insight 3, e97199. doi:10.1172/jci.insight.97199
 Birket S. E., Chu K. K., Liu L., Houser G. H., Diephuis B. J. Wilsterman E. J., et al. (2014). A Functional Anatomic Defect of the Cystic Fibrosis Airway. Am. J. Respir. Crit. Care Med. 190, 421–432. doi:10.1164/rccm.201404-0670oc
 Birket S. E., Davis J. M., Fernandez-Petty C. M., Henderson A. G., Oden A. M. Tang L., et al. (2020). Ivacaftor Reverses Airway Mucus Abnormalities in a Rat Model Harboring a Humanized G551D-CFTR. Am. J. Respir. Crit. Care Med. 202, 1271–1282. doi:10.1164/rccm.202002-0369oc
 Burgel P.-R., Montani D., Danel C., Dusser D. J., Nadel J. A. (2007). A Morphometric Study of Mucins and Small Airway Plugging in Cystic Fibrosis. Thorax 62, 153–161. doi:10.1136/thx.2006.062190
 Button B., Anderson W. H., Boucher R. C. (2016). Mucus Hyperconcentration as a Unifying Aspect of the Chronic Bronchitic Phenotype. Ann. Am. Thorac. Soc. 13 (Suppl. 2), S156–S162. doi:10.1513/AnnalsATS.201507-455KV
 Button B., Cai L.-H., Ehre C., Kesimer M., Hill D. B. Sheehan J. K., et al. (2012). A Periciliary brush Promotes the Lung Health by Separating the Mucus Layer from Airway Epithelia. Science 337, 937–941. doi:10.1126/science.1223012
 Chen G., Sun L., Kato T., Okuda K., Martino M. B. Abzhanova A., et al. (2019). IL-1β Dominates the Promucin Secretory Cytokine Profile in Cystic Fibrosis. J. Clin. Invest. 129, 4433–4450. doi:10.1172/jci125669
 Chu K. K., Mojahed D., Fernandez C. M., Li Y., Liu L. Wilsterman E. J., et al. (2016). Particle-Tracking Microrheology Using Micro-optical Coherence Tomography. Biophysical J. 111, 1053–1063. doi:10.1016/j.bpj.2016.07.020
 Clancy J. P., Cotton C. U., Donaldson S. H., Solomon G. M., Vandevanter D. R. Boyle M. P., et al. (2019). CFTR Modulator Theratyping: Current Status, Gaps and Future Directions. J. Cystic Fibrosis 18, 22–34. doi:10.1016/j.jcf.2018.05.004
 Davies J. C., Moskowitz S. M., Brown C., Horsley A., Mall M. A. Mckone E. F., et al. (2018). VX-659-Tezacaftor-Ivacaftor in Patients with Cystic Fibrosis and One or Two Phe508del Alleles. N. Engl. J. Med. 379, 1599–1611. doi:10.1056/nejmoa1807119
 Donaldson S. H., Laube B. L., Corcoran T. E., Bhambhvani P., Zeman K. Ceppe A., et al. (2018). Effect of Ivacaftor on Mucociliary Clearance and Clinical Outcomes in Cystic Fibrosis Patients with G551D-CFTR. JCI Insight 3, e122695. doi:10.1172/jci.insight.122695
 Ermund A., Meiss L. N., Dolan B., Bähr A., Klymiuk N., Hansson G. C. (2018). The Mucus Bundles Responsible for Airway Cleaning Are Retained in Cystic Fibrosis and by Cholinergic Stimulation. Eur. Respir. J. 52, 1800457. doi:10.1183/13993003.00457-2018
 Ermund A., Meiss L. N., Rodriguez-Pineiro A. M., Bähr A., Nilsson H. E. Trillo-Muyo S., et al. (2017a). The normal Trachea Is Cleaned by MUC5B Mucin Bundles from the Submucosal Glands Coated with the MUC5AC Mucin. Biochem. Biophysical Res. Commun. 492, 331–337. doi:10.1016/j.bbrc.2017.08.113
 Ermund A., Recktenwald C. V., Skjåk-Braek G., Meiss L. N., Onsøyen E. Rye P. D., et al. (2017b). OligoG CF-5/20 Normalizes Cystic Fibrosis Mucus by Chelating Calcium. Clin. Exp. Pharmacol. Physiol. 44, 639–647. doi:10.1111/1440-1681.12744
 Esther C. R., Muhlebach M. S., Ehre C., Hill D. B., Wolfgang M. C. Kesimer M., et al. (2019). Mucus Accumulation in the Lungs Precedes Structural Changes and Infection in Children with Cystic Fibrosis. Sci. Transl Med. 11, eaav3488. doi:10.1126/scitranslmed.aav3488
 Fernandez-Petty C. M., Hughes G. W., Bowers H. L., Watson J. D., Rosen B. H. Townsend S. M., et al. (2019). A Glycopolymer Improves Vascoelasticity and Mucociliary Transport of Abnormal Cystic Fibrosis Mucus. JCI Insight 4, e125954. doi:10.1172/jci.insight.125954
 Fischer A. J., Pino-Argumedo M. I., Hilkin B. M., Shanrock C. R., Gansemer N. D. Chaly A. L., et al. (2019). Mucus Strands from Submucosal Glands Initiate Mucociliary Transport of Large Particles. JCI Insight 4, e124863. doi:10.1172/jci.insight.124863
 Gibson R. L., Burns J. L., Ramsey B. W. (2003). Pathophysiology and Management of Pulmonary Infections in Cystic Fibrosis. Am. J. Respir. Crit. Care Med. 168, 918–951. doi:10.1164/rccm.200304-505so
 Green M., Lindgren N., Henderson A., Keith J. D., Oden A. M., Birket S. E. (2021). Ivacaftor Partially Corrects Airway Inflammation in a Humanized G551D Rat. Am. J. Physiology-Lung Cell Mol. Physiol. 320, L1093–L1100. doi:10.1152/ajplung.00082.2021
 Gustafsson J. K., Ermund A., Ambort D., Johansson M. E. V., Nilsson H. E. Thorell K., et al. (2012). Bicarbonate and Functional CFTR Channel Are Required for Proper Mucin Secretion and Link Cystic Fibrosis with its Mucus Phenotype. J. Exp. Med. 209, 1263–1272. doi:10.1084/jem.20120562
 Heltshe S. L., Mayer-Hamblett N., Burns J. L., Khan U., Baines A. Ramsey B. W., et al. (2015). Pseudomonas aeruginosa in Cystic Fibrosis Patients with G551D-CFTR Treated with Ivacaftor. Clin. Infect. Dis. 60, 703–712. doi:10.1093/cid/ciu944
 Henderson A. G., Davis J. M., Keith J. D., Green M. E., Oden A. M. Rowe S. M., et al. (2022). Static Mucus Impairs Bacterial Clearance and Allows Chronic Infection with Pseudomonas aeruginosa in the Cystic Fibrosis Rat. Eur. Respir. J. , 2101032. doi:10.1183/13993003.01032-2021
 Henderson A. G., Ehre C., Button B., Abdullah L. H., Cai L.-H. Leigh M. W., et al. (2014). Cystic Fibrosis Airway Secretions Exhibit Mucin Hyperconcentration and Increased Osmotic Pressure. J. Clin. Invest. 124, 3047–3060. doi:10.1172/jci73469
 Henke M. O., John G., Germann M., Lindemann H., Rubin B. K. (2007). MUC5AC and MUC5B Mucins Increase in Cystic Fibrosis Airway Secretions during Pulmonary Exacerbation. Am. J. Respir. Crit. Care Med. 175, 816–821. doi:10.1164/rccm.200607-1011oc
 Hill D. B., Vasquez P. A., Mellnik J., Mckinley S. A., Vose A. Mu F., et al. (2014). A Biophysical Basis for Mucus Solids Concentration as a Candidate Biomarker for Airways Disease. PLoS One 9, e87681. doi:10.1371/journal.pone.0087681
 Hisert K. B., Heltshe S. L., Pope C., Jorth P., Wu X. Edwards R. M., et al. (2017). Restoring Cystic Fibrosis Transmembrane Conductance Regulator Function Reduces Airway Bacteria and Inflammation in People with Cystic Fibrosis and Chronic Lung Infections. Am. J. Respir. Crit. Care Med. 195, 1617–1628. doi:10.1164/rccm.201609-1954oc
 Kerem B.-S., Rommens J. M., Buchanan J. A., Markiewicz D., Cox T. K. Chakravarti A., et al. (1989). Identification of the Cystic Fibrosis Gene: Genetic Analysis. Science 245, 1073–1080. doi:10.1126/science.2570460
 Kreda S. M., Davis C. W., Rose M. C. (2012). CFTR, Mucins, and Mucus Obstruction in Cystic Fibrosis. Cold Spring Harbor Perspect. Med. 2, a009589. doi:10.1101/cshperspect.a009589
 Liu L., Chu K. K., Houser G. H., Diephuis B. J., Li Y. Wilsterman E. J., et al. (2013). Method for Quantitative Study of Airway Functional Microanatomy Using Micro-optical Coherence Tomography. PLoS One 8, e54473. doi:10.1371/journal.pone.0054473
 Liu L., Shastry S., Byan-Parker S., Houser G., K. Chu K. Birket S. E., et al. (2014). An Autoregulatory Mechanism Governing Mucociliary Transport Is Sensitive to Mucus Load. Am. J. Respir. Cel Mol Biol 51, 485–493. doi:10.1165/rcmb.2013-0499ma
 Livraghi-Butrico A., Grubb B. R., Wilkinson K. J., Volmer A. S., Burns K. A. Evans C. M., et al. (2017). Erratum: Contribution of Mucus Concentration and Secreted Mucins Muc5ac and Muc5b to the Pathogenesis of Muco-Obstructive Lung Disease. Mucosal Immunol. 10, 829. doi:10.1038/mi.2017.29
 Ma J., Rubin B. K., Voynow J. A. (2018). Mucins, Mucus, and Goblet Cells. Chest 154, 169–176. doi:10.1016/j.chest.2017.11.008
 Matsui H., Grubb B. R., Tarran R., Randell S. H., Gatzy J. T. Davis C. W., et al. (1998). Evidence for Periciliary Liquid Layer Depletion, Not Abnormal Ion Composition, in the Pathogenesis of Cystic Fibrosis Airways Disease. Cell 95, 1005–1015. doi:10.1016/s0092-8674(00)81724-9
 Miller A. C., Harris L. M., Cavanaugh J. E., Abou Alaiwa M., Stoltz D. A. Hornick D. B., et al. (2022). The Rapid Reduction of Infection-Related Visits and Antibiotic Use Among People with Cystic Fibrosis after Starting Elexacaftor-Tezacaftor-Ivacaftor. Clin. Infect. Dis. doi:10.1093/cid/ciac117
 Morrison C. B., Markovetz M. R., Ehre C. (2019). Mucus, Mucins, and Cystic Fibrosis. Pediatr. Pulmonol 54 (Suppl. 3), S84–S96. doi:10.1002/ppul.24530
 Morrison C. B., Shaffer K. M., Araba K. C., Markovetz M. R., Wykoff J. A. Quinney N. L., et al. (2022). Treatment of Cystic Fibrosis Airway Cells with CFTR Modulators Reverses Aberrant Mucus Properties via Hydration. Eur. Respir. J. 59, 2100185. doi:10.1183/13993003.00185-2021
 Muñoz G., De Gracia J., Buxó M., Alvarez A., Vendrell M. (2018). Long-term Benefits of Airway Clearance in Bronchiectasis: a Randomised Placebo-Controlled Trial. Eur. Respir. J. 51, 1701926. doi:10.1183/13993003.01926-2017
 Ostedgaard L. S., Moninger T. O., Mcmenimen J. D., Sawin N. M., Parker C. P. Thornell I. M., et al. (2017). Gel-forming Mucins Form Distinct Morphologic Structures in Airways. Proc. Natl. Acad. Sci. U.S.A. 114, 6842–6847. doi:10.1073/pnas.1703228114
 Pezzulo A. A., Tang X. X., Hoegger M. J., Abou Alaiwa M. H., Ramachandran S. Moninger T. O., et al. (2012). Reduced Airway Surface pH Impairs Bacterial Killing in the Porcine Cystic Fibrosis Lung. Nature 487, 109–113. doi:10.1038/nature11130
 Poulsen J. H., Fischer H., Illek B., Machen T. E. (1994). Bicarbonate Conductance and pH Regulatory Capability of Cystic Fibrosis Transmembrane Conductance Regulator. Proc. Natl. Acad. Sci. U.S.A. 91, 5340–5344. doi:10.1073/pnas.91.12.5340
 Ramsey B. W., Davies J., Mcelvaney N. G., Tullis E., Bell S. C. Dřevínek P., et al. (2011). A CFTR Potentiator in Patients with Cystic Fibrosis and theG551DMutation. N. Engl. J. Med. 365, 1663–1672. doi:10.1056/nejmoa1105185
 Riordan J. R., Rommens J. M., Kerem B.-S., Alon N., Rozmahel R. Grzelczak Z., et al. (1989). Identification of the Cystic Fibrosis Gene: Cloning and Characterization of Complementary DNA. Science 245, 1066–1073. doi:10.1126/science.2475911
 Rommens J. M., Iannuzzi M. C., Kerem B.-S., Drumm M. L., Melmer G. Dean M., et al. (1989). Identification of the Cystic Fibrosis Gene: Chromosome Walking and Jumping. Science 245, 1059–1065. doi:10.1126/science.2772657
 Rose M. C., Voynow J. A. (2006). Respiratory Tract Mucin Genes and Mucin Glycoproteins in Health and Disease. Physiol. Rev. 86, 245–278. doi:10.1152/physrev.00010.2005
 Rosen B. H., Evans T. I. A., Moll S. R., Gray J. S., Liang B. Sun X., et al. (2018). Infection Is Not Required for Mucoinflammatory Lung Disease in CFTR-Knockout Ferrets. Am. J. Respir. Crit. Care Med. 197, 1308–1318. doi:10.1164/rccm.201708-1616oc
 Rowe S. M., Heltshe S. L., Gonska T., Donaldson S. H., Borowitz D. Gelfond D., et al. (2014). Clinical Mechanism of the Cystic Fibrosis Transmembrane Conductance Regulator Potentiator Ivacaftor in G551D-Mediated Cystic Fibrosis. Am. J. Respir. Crit. Care Med. 190, 175–184. doi:10.1164/rccm.201404-0703oc
 Roy M. G., Livraghi-Butrico A., Fletcher A. A., Mcelwee M. M., Evans S. E. Boerner R. M., et al. (2014). Muc5b Is Required for Airway Defence. Nature 505, 412–416. doi:10.1038/nature12807
 Singh S. B., Mclearn-Montz A. J., Milavetz F., Gates L. K., Fox C. Murry L. T., et al. (2019). Pathogen Acquisition in Patients with Cystic Fibrosis Receiving Ivacaftor or Lumacaftor/ivacaftor. Pediatr. Pulmonol 54, 1200–1208. doi:10.1002/ppul.24341
 Thornton D. J., Carlstedt I., Sheehan J. K. (1996). Identification of Glycoproteins on Nitrocellulose Membranes and Gels. Mol. Biotechnol. 5, 171–176. doi:10.1007/bf02789065
 Tuggle K. L., Birket S. E., Cui X., Hong J., Warren J. Reid L., et al. (2014). Characterization of Defects in Ion Transport and Tissue Development in Cystic Fibrosis Transmembrane Conductance Regulator (CFTR)-knockout Rats. PLoS One 9, e91253. doi:10.1371/journal.pone.0091253
 Van Goor F., Hadida S., Grootenhuis P. D. J., Burton B., Cao D. Neuberger T., et al. (2009). Rescue of CF Airway Epithelial Cell Function In Vitro by a CFTR Potentiator, VX-770. Proc. Natl. Acad. Sci. U.S.A. 106, 18825–18830. doi:10.1073/pnas.0904709106
 Voynow J. A., Rubin B. K. (2009). Mucins, Mucus, and Sputum. Chest 135, 505–512. doi:10.1378/chest.08-0412
Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2022 Keith, Henderson, Fernandez-Petty, Davis, Oden and Birket. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fphys-13-884166-g005.gif





OPS/images/fphys-13-884166-g003.gif





OPS/images/fphys-13-884166-g004.gif





OPS/xhtml/nav.xhtml
Contents

		Cover

		Muc5b Contributes to Mucus Abnormality in Rat Models of Cystic Fibrosis		Introduction

		Materials and Methods		Cystic Fibrosis Transmembrane Conductance Regulator Rat Models

		Bronchoalveolar Lavage

		Mucin Analysis

		Gene Expression

		Histology

		Adhesion Assay

		Micro-Optical Coherence Tomography Image Acquisition and Analysis

		Particle Tracking Microrheology

		Pharmacologic Administration





		Results		Increased Mucin Protein in the Airways of Cystic Fibrosis Transmembrane Conductance Regulator-Knockout Rats

		Methacholine Stimulation Increases Mucin Release and Accumulation

		Mucus is Abnormally Adherent to the Airways of the Cystic Fibrosis Transmembrane Conductance Regulator-Knockout Rat

		Muc5b is Correlated to Viscosity but not Transport

		Ivacaftor Corrects Mucus Accumulation and Adherence in a Humanized-G551D-Cystic Fibrosis Transmembrane Conductance Regulator Model





		Discussion

		Data Availability Statement

		Ethics Statement

		Author Contributions

		Funding

		Publisher’s Note

		References









OPS/images/cover.jpg
& frontiers | Frontiers in Physiology






OPS/images/fphys-13-884166-g001.gif





OPS/images/fphys-13-884166-g002.gif









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
,frontiers ‘ Frontiers in Physiology





