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ABSTRACT 17 

The proton-sensing receptor, ovarian cancer G protein-coupled receptor (OGR1) has been shown to be expressed in 18 

airway smooth muscle (ASM) cells and capable of promoting ASM contraction in response to decreased extracellular pH. 19 

OGR1 knockout mice (OGR1KO) are reported to be resistant to asthma features induced by inhaled allergen. We recently 20 

described certain benzodiazepines as OGR1 activators capable of mediating both pro-contractile and pro-relaxant 21 

signaling in ASM cells. Here we assess the effect of treatment with the benzodiazepines lorazepam or sulazepam on the 22 

asthma phenotype, in wild type (WT) and OGR1KO mice subjected to inhaled house dust mite (HDM; Dermatophagoides 23 

pteronyssius) challenge for three weeks. In contrast to previously published reports, both WT and OGR1KO mice 24 

developed significant allergen-induced lung inflammation and airway hyperresponsiveness (AHR). In WT mice, treatment 25 

with sulazepam (a Gs-biased OGR1 agonist), but not lorazepam (a balanced OGR1 agonist), prevented allergen-induced 26 

AHR, although neither drug inhibited lung inflammation. The protection from development of AHR conferred by sulazepam 27 

was absent in OGR1KO mice. Treatment of WT mice with sulazepam also resulted in significant inhibition of HDM-28 

induced collagen accumulation in the lung tissue. These findings suggest OGR1 expression is not a requirement for 29 

development of the allergen-induced asthma phenotype, but OGR1 can be targeted by the Gs-biased OGR1 agonist 30 

sulazepam (but not the balanced agonist lorazepam) to protect from allergen-induced AHR, possibly mediated via 31 

suppression of chronic bronchoconstriction and airway remodeling in the absence of effects on airway inflammation.  32 

  33 
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INTRODUCTION 34 

 Asthma is chronic inflammatory disease that is marked with airway inflammation, excessive airway mucus secretion, 35 

hyperresponsiveness and remodeling (1). The disease continues to be one of the principal drivers of respiratory morbidity 36 

and mortality affecting over 300 million people globally with more than 250,000 deaths annually (2, 3).  β-agonists, which 37 

activate the G protein-coupled receptor (GPCR) β2-adrenoceptor (β2AR), are the principal bronchorelaxant drugs for 38 

management of acute asthmatic attacks and are also used in combination with inhaled corticosteroids for prophylactic 39 

asthma management. However, concerns regarding  β-agonist efficacy (up to 50% of asthmatics experience suboptimal 40 

control (4)), as well as safety concerns (5) have stimulated the pursuit of new, superior asthma drugs (6). Recent studies 41 

have identified numerous (previously unappreciated) GPCRs in the lung and ASM, such as the calcium sensing receptor 42 

(7), bitter tastant receptors (8), and opsin receptors (9, 10) whose targeting might constitute an effective asthma 43 

management strategy.  44 

 We have identified one such GPCR, the proton-sensing receptor ovarian cancer G-protein coupled receptor (OGR1, 45 

aka GPR68), whose activation by low extracellular pH causes contraction of human ASM cells (11). Moreover, OGR1 46 

knockout (OGR1KO) mice were reported to be resistant to asthma features induced by inhaled ovalbumin, suggesting 47 

OGR1 plays an important role in asthma pathogenesis (12). Therefore, pharmacological targeting of OGR1 is an attractive 48 

approach to mitigate features of asthma. Although the study of OGR1 and other proton-sensing GPCRs has been 49 

confounded by the rather promiscuous proton being the cognate ligand for these receptors, we recently characterized 50 
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certain benzodiazepines, known more commonly as agonists of γ-aminobutyric acid type A (GABAA) receptors in the 51 

brain, as activators of OGR1 (13). Moreover, we demonstrated pleiotropic signaling and regulation of OGR1-dependent 52 

functions that could be differentially activated depending on the specific benzodiazepine (14, 15). The benzodiazepine 53 

lorazepam exhibited the ability to promote both OGR1-dependent pro-contractile (calcium mobilization) and pro-relaxant 54 

(cAMP accumulation, PKA activation) signaling, which was associated with no significant regulation of human ASM cell 55 

contraction. Further, OGR1-dependent signaling induced by the benzodiazepine sulazepam was limited to cAMP 56 

accumulation and PKA activation, which was associated with a relaxation of human ASM cells. Thus, based on the 57 

selective activation of the cAMP-PKA pathway, sulazepam can be characterized as a Gs-biased OGR1 agonist, whereas 58 

lorazepam represents a balanced ligand activating both Gq and Gs pathways (15). 59 

 In the present study, we tested the ability of lorazepam and sulazepam to regulate asthma features in a murine model 60 

of allergic lung inflammation. The dependence of benzodiazepine effects on OGR1 was also assessed by comparing 61 

effects in wild type (WT) versus OGR1KO mice.  62 

  63 
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MATERIALS & METHODS 64 

Chemicals and reagents 65 

Lorazepam was purchased from Sigma (St. Louis, MO), and sulazepam was purchased from Specs (Delft, The 66 

Netherlands). House dust mite extract (Dermatophagoides pteronyssinus; Der p) was purchased from Greer Labs (Lenoir, 67 

NC). Alexa Fluor®-488 conjugated secondary antibodies for immunofluorescence studies were obtained from Life 68 

Technologies (Carlsbad, CA). Sircol collagen assay kit was purchased from Biocolor Life Sciences (Carrickfergus, UK). 69 

Hematoxylin and eosin (H&E) staining kit was purchased from Vector Laboratories (Burlingame, CA). Periodic acid-Schiff 70 

(PAS) staining kit was obtained from Sigma. Acid fuchsin orange G (AFOG) stain was prepared by our laboratory. 71 

 72 

Murine model of allergic asthma  73 

All animal procedures were approved by the Institutional Animal Care Committee of Thomas Jefferson University, 74 

Philadelphia, PA. All methods were performed in accordance with the guidelines and regulations of the institution.  75 

 Male and female wild type C57BL/6 mice (8-10 weeks old) and age-matched OGR1KO mice (C57BL/6 background) 76 

developed previously (16) were intranasally challenged five days a week for three consecutive weeks with 25 µg of HDM 77 

extract in 35 µl phosphate buffered-saline (PBS) (Figure 1). A subset of mice was also administered with either 78 

lorazepam (3 mg/kg), sulazepam (3.2 mg/kg) or vehicle (10% v/v DMSO) in 25 μl volume via intranasal route ~30 min 79 

prior to HDM challenge. Choice of drug dose was based on:1) drug solubility; 2) our previous cell-based studies (11, 14, 80 
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15) that demonstrate micromolar concentrations of lorazepam and sulazepam to maximally activate OGR1 in ASM; and 3) 81 

the desire to limit systemic/off-target effect of the drugs. Whereas administration of both drugs was followed by a brief 82 

period of lethargy in mice, we did not observe any mortality, morbidity, or overt signs suggestive of untoward systemic 83 

effects. Aerosol challenges in animals were performed under isoflurane (2-5%) anesthesia. Effects of acute administration 84 

of lorazepam or sulazepam in the sensitization model were not tested. Twenty-four hours following the final challenge, 85 

lung function measurements were performed, followed by collection of bronchoalveolar lavage (BAL) fluid by perfusing the 86 

lungs with 500 μl ice-cold PBS. At the end of the experiment, lungs were filled with 10% formalin and harvested, or fresh 87 

lung tissues were frozen in liquid nitrogen for histopathological and biochemical analyses.  88 

 89 

Measurement of lung mechanics 90 

Lung mechanics were measured using a flexiVent system (Scireq, Montreal, Canada) using methods described previously 91 

(8, 17). Animal surgeries were performed under tribromoethanol (Avertin, 250 mg/kg) anesthesia. Briefly, mice were 92 

anesthetized with tribromoethanol and the trachea was intubated with a cannula. Mice were ventilated with a tidal volume 93 

of 250 μl at 150 breaths/min. A computer-controlled positive and excitatory pressure (PEEP) of 3 cm H2O was used for all 94 

studies. For data acquisition, mice were subjected to increasing doses of nebulized methacholine (MCh) using a 95 

standardized protocol and low frequency forced oscillation technique. Airway resistance (R) was calculated based on 96 
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fitting the respiratory mechanical input impedance (Zrs) derived from displacement of ventilator’s piston and the pressure 97 

in the cylinder to the constant phase model normalized to mouse body weight. 98 

 99 

Assessment of bronchoalveolar (BAL) cellularity 100 

Following lung function measurements, BAL fluid was collected from tracheotomized mice as described above. BAL 101 

samples were centrifuged at 2000 rpm for 3 min and cell pellet resuspended in 1 ml Roswell Park Memorial Institute 102 

medium (containing 5% fetal bovine serum). Total cell count in BAL samples was determined by hemocytometer and data 103 

expressed as cells/ml. The BAL cells were pelleted onto microscopic slides and subsequently stained with Hema-3 104 

staining kit (Fisher Scientific, Hampton, NH) and differential cell count was determined using a brightfield microscope.   105 

 106 

Assessment of BAL cytokine and chemokine profiles 107 

 A panel of cytokines and chemokines were measured in BAL fluid by Multiplex LASER Bead Technology (Eve 108 

Technologies, Calgary, Canada) using a 31-Plex mouse cytokine/chemokine array (Cat. # MD31). The concentration of 109 

each cytokine was determined by extrapolation from a standard curve and expressed as pg/ml.  110 

 111 

Histopathological evaluation of lung tissue 112 
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Paraffin embedded tissues were used for histological evaluation as described previously (17) using 5 µm sections 113 

mounted on SuperfrostTM Plus slides. The lung tissues fixed in 10% formalin were embedded in paraffin, cut and stained 114 

with hematoxylin and eosin (H&E), acid fuchsin orange G (AFOG) and periodic-acid Schiff (PAS) using a standard 115 

histological protocol. Image acquisition was performed using a brightfield microscope. Airway wall thickness was graded 116 

on a scale of 0–3 with 0, no change; 1, mild; 2, moderate; and 3, severe. Scores were reported following blinded and 117 

independent evaluation of AFOG-stained tissue sections by two investigators. 118 

 Immunofluorescence based detection of smooth muscle α-actin was conducted using methods described previously 119 

(17). Slides were deparaffinized, rehydrated and subjected to heat-induced epitope retrieval. The sections after blocking 120 

were stained with the primary antibody (1:100 anti-sm-α-actin) at 4◦C overnight followed by staining with 1:250 goat anti-121 

mouse Alexa Fluor® conjugated secondary antibody at room temperature for 1 hour. The sections were washed in PBS 122 

and stained with Draq5 for 15 min. Finally, the sections were washed, mounted with Prolong Antifade (Molecular Probes, 123 

Eugene, OR), and fluorescent imaging performed using an Olympus BX-51 fluorescent microscope. Quantitative 124 

estimation of peribronchial sm-α-actin staining was performed using Image J and reported as the ratio of integrated 125 

intensity of sm-α-actin staining to peribronchial area.  126 

 127 

Preparation of lung tissue protein lysates 128 
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Murine lung lobes were excised, cut into small pieces and suspended in 250 μl RIPA lysis buffer (Cell Signaling 129 

Technology, Danvers, MA) containing protease and phosphatase inhibitors (Bimake, Houston, TX). Lung tissues were 130 

homogenized using a hand-held homogenizer. The lysate was centrifuged (1000 x g, 10 min) and the supernatant was 131 

stored at -80°C for further analysis. 132 

 133 

Immunoblotting 134 

Protein concentration of lung tissue lysates was determined using Pierce BCA Assay kit (Thermo Scientific, Rockford, IL) 135 

and subjected to immunoblot analysis using standard methodologies. Blots were probed with primary antibodies to 136 

smooth muscle myosin heavy chain (sm MHC) (1:1500) (AbCam, Cambridge, MA), smooth muscle alpha actin (sm α-137 

actin) (1:1000) (AbCam) and β-actin (1:100,000) (Sigma). IRDye-conjugated anti-mouse and anti-rabbit secondary 138 

antibodies (LI-COR Biosciences, Lincoln, NE) (1:15,000) were applied to the blots as secondary antibodies. Immunoblots 139 

were scanned and immunoreactive bands quantified using the Odyssey® infrared imaging system and software (LI-COR 140 

Biosciences). 141 

 142 

Soluble collagen assay 143 

Soluble collagen (resulting from active inflammation) was measured in lung lysates obtained from murine lung using Sircol 144 

Soluble Collagen Assay (Biocolor, UK) according to the manufacturer’s protocol and as described previously (18). This 145 
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assay allows for quantitative estimation of acid- and pepsin-soluble collagen species. Lung lysate was mixed with Sircol 146 

Dye Reagent allowing collagen to bind to the dye and precipitate. After acid-salt wash, alkali reagent was used to release 147 

collagen bound dye into solution and absorbance was measured at 550 nm. A standard curve was established using 148 

reference standards provided in the assay kit.  149 

 150 

Statistical analysis of data sets 151 

All data sets are represented as mean values ± standard error of means (SEM). The statistical significance was 152 

determined using one-way or two-way ANOVA with Bonferroni’s post-hoc multiple comparisons test, with p < 0.05 being 153 

sufficient to establish significant difference between groups. All statistical analyses were performed using Prism8 software 154 

(GraphPad, San Diego, CA). 155 

 156 

 157 

 158 

  159 
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RESULTS 160 

Sulazepam but not lorazepam modulates HDM-induced airway hyperreactivity in mice in an OGR1-dependent 161 

manner.  Repeated treatment of mice (WT, OGR1KO) with benzodiazepines (lorazepam or sulazepam; PBS treatment 162 

serving a control), in conjunction with PBS or HDM treatment, did not adversely affect their growth and mice exhibited no 163 

apparent changes in health or behavior. Following cessation of the dosing schedule after 3 weeks, mice were 164 

anesthetized to assess changes in airway resistance in response to MCh challenge. Repeated challenge of WT mice with 165 

HDM for 3 weeks increased the airway resistance in response to increasing doses of MCh (6.125-25 mg/ml) compared to 166 

PBS-challenged animals (Figure 2A). OGR1KO mice undergoing HDM treatment demonstrated a similar increase in AHR 167 

(Figure 2B).  Concomitant treatment with lorazepam failed to inhibit the development of AHR in both WT and OGR1KO 168 

mice. In contrast, sulazepam treatment significantly (p<0.05) inhibited the development of AHR in WT mice, but not in 169 

OGR1KO mice. These data suggest that sulazepam can effectively inhibit development of increased airway resistance in 170 

a murine model of allergen-induced asthma. However, sulazepam treatment did not protect against development of HDM-171 

induced AHR in OGR1KO mice suggesting the effect of sulazepam is mediated via OGR1.   172 

 173 

Lorazepam and sulazepam do not mitigate HDM-induced allergic airway inflammation in mice. Given that allergen-174 

induced AHR was inhibited in mice by treatment with sulazepam in an OGR1-dependent manner, we next sought to 175 

determine the mechanism(s) underlying this effect. First, we examined if treatment with benzodiazepines and particularly 176 
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sulazepam had any effect on HDM-induced airway inflammation. In WT and OGR1KO mice challenged repeatedly with 177 

HDM for 3 weeks, a comparable increase in BAL cellularity was observed (Figure 3). In WT mice (Figure 3A), following 178 

treatment with lorazepam and sulazepam, the total cellular influx in airways was not reduced and similar trends were 179 

noted for the number of lymphocytes and eosinophils in the BAL fluid. Treatment of OGR1KO mice with either 180 

benzodiazepine did not inhibit the total cellular influx in the airways resulting from HDM challenge (Figure 3B). Somewhat 181 

surprisingly, treatment of OGR1KO mice with sulazepam significantly increased HDM-induced accumulation of 182 

eosinophils in BAL fluid. Finally, treatment of WT or OGR1KO mice with either benzodiazepine had no significant effect on 183 

levels of eotaxin-1, IL-4, IL-6, IP-10, Cxcl1 and LIF induced by HDM challenge and recovered in the BAL fluid (Figure 4). 184 

For all other cytokines measured using the multiplex system, the levels were below the threshold of detection (data not 185 

shown). Collectively, these data indicate benzodiazepines lack any mitigating effect on multiple indices of airway 186 

inflammation, suggesting that sulazepam’s ability to inhibit AHR development was not mediated via regulation of airway 187 

inflammation. 188 

 189 

Effect of inhalation of benzodiazepines on allergen-induced lung tissue inflammation and airway remodeling 190 

features. Next, we sought to examine if sulazepam or lorazepam had any effect on the lung tissue inflammation or 191 

histological changes in lung architecture induced by repeated inhalation of HDM. Examination of H&E-stained lung tissue 192 

sections from WT and OGR1KO mice that were repeatedly challenged with HDM demonstrated typical histopathological 193 
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features including pleocellular peribronchial and perivascular inflammation (Figure 5A) and mucus cell metaplasia 194 

(Figure 5B). Consistent with our assessment of lung inflammation evident in BAL fluid, in both WT and OGR1KO mice 195 

treatment with sulazepam and lorazepam did not result in any changes in HDM-induced infiltration of immune cells in the 196 

lung tissue (Figure 5A). Further, treatment with either benzodiazepine failed to inhibit HDM-induced goblet cell metaplasia 197 

in either mouse genotype (Figure 5B).  198 

Next, we examined the effect of lorazepam or sulazepam on features of airway remodeling (AR) induced by HDM 199 

challenge (Figures 6 and 7). Repeated inhalation of HDM resulted in increased collagen staining along the epithelial 200 

basement membrane and overall thickening of the airway wall in lungs from both strains of mice (Figure 6A). However, 201 

microscopic examination of histological sections from sulazepam-treated WT mice revealed no changes in accumulation 202 

of collagen around the airways. Lorazepam treatment had no effect on increased accumulation of collagen in lung by 203 

HDM challenge. In OGR1KO mice, we observed accumulation of collagen around airways upon HDM challenge and no 204 

changes with lorazepam and sulazepam treatment. Further, AFOG stained slides were scored to estimate the airway wall 205 

thickness, which increased in mice following challenge with HDM and was unchanged in mice treated with sulazepam or 206 

lorazepam (Figure 6B). To quantify the difference in collagen accumulation between the treatment groups, we performed 207 

SircolTM Collagen Assay. In WT mice, we observed that treatment with sulazepam (but not lorazepam) significantly 208 

reduced the HDM-induced increase in soluble collagen in lungs (Figure 6C). Baseline collagen levels in PBS-treated 209 
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OGR1KO lungs were higher, but were not significantly increased by HDM challenge. Further, sulazepam and lorazepam 210 

treatment did not modulate soluble collagen levels in OGR1KO mice. 211 

Next, we examined ASM mass by staining for smooth muscle alpha actin (sm α-actin) using an immunofluorescence 212 

approach. Sm α-actin increased in animals challenged with HDM and was unchanged in sulazepam- or lorazepam- 213 

treated mice (Figure 7A). Imaging and quantitative analysis revealed significant increase in peribronchial sm α-actin 214 

staining in mice repeatedly challenged with HDM which was unchanged in sulazepam- and lorazepam-treated mice 215 

(Figures 7A and 7B). To further quantify changes in ASM mass, we examined the effect of HDM challenge and 216 

lorazepam/sulazepam treatment on expression of smooth muscle markers, sm α-actin and smooth muscle myosin heavy 217 

chain (sm MHC) in murine whole lung lysates. Western blotting and subsequent quantitative analysis revealed no 218 

significant changes in expression of sm α-actin and sm MHC in lungs of animals challenged with HDM and those 219 

concomitantly treated with sulazepam or lorazepam (Figures 7C and 7D).  220 

  221 
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DISCUSSION 222 

 In the present study we report that sulazepam, previously shown to be a Gs-biased agonist of OGR1, can inhibit, in an 223 

OGR1-dependent manner, AHR development in a murine model of allergic lung inflammation. Moreover, and in contrast 224 

to a previous report (12), OGR1KO is not protective against the development of the allergen-induced asthma phenotype. 225 

 OGR1 was originally identified as belonging to a unique subfamily of GPCRs classified as proton-sensing GPCRs, 226 

based on their ability to signal in response to reduced extracellular pH. Although the ability to study OGR1 to date has 227 

been significantly hampered by its cognate ligand being the promiscuous proton, recent discoveries have facilitated 228 

research into this receptor. We recently reported the ability of certain benzodiazepines to function as activators of the 229 

proton-sensing receptor OGR1 (13), and further demonstrated that OGR1 signaling could be biased, dependent on the 230 

specific benzodiazepine employed (15). In Pera et al. we established that lorazepam could promote both Gq- and Gs- 231 

dependent OGR1 signaling, whereas sulazepam only activated OGR1-mediated Gs-cAMP-PKA signaling.  Consistent 232 

with ability of Gq and Gs signaling to mediate contraction and relaxation, respectively, of ASM, only sulazepam was found 233 

to effect relaxation of ASM cells as assessed by Magnetic Twisting Cytometry (15, 19). 234 

 Intrigued by the possibility that sulazepam, by biasing OGR1 signaling to the Gs-PKA pathway, could be an effective 235 

anti-asthma drug, we tested the effectiveness of lorazepam and sulazepam in an in vivo murine model of asthma using 236 

WT and OGR1KO mice. Although both drugs failed to mitigate features of allergen-induced asthma in mice, sulazepam 237 

inhibited development of HDM allergen-induced AHR in an OGR1-dependent manner. AHR is largely understood to have 238 
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two components; ‘baseline’ (chronic) highlighted by structural alterations, and ‘variable’ which is marked by episodic 239 

airway inflammation (20). Sulazepam had no effect on airway inflammation suggesting a lack of effect on ‘variable’ 240 

component of AHR development. However, we demonstrate that sulazepam significantly reduced subepithelial collagen 241 

accumulation in the lungs, while most of the other features of airway remodeling (such as increased airway mass) were 242 

unaffected, indicating an effect on ‘baseline’ or chronic component of AHR development. Previously, multiple studies have 243 

suggested that subepithelial deposition of collagen can contribute to the development of AHR (20-25). The inhibitory 244 

actions of sulazepam on subepithelial deposition of collagen are also similar to those previously reported for long acting β-245 

agonists (LABAs) (26). Whether a broader effect of sulazepam on indices of airway remodeling could occur in a more 246 

chronic model of allergic inflammation, requires further investigation. 247 

 Moreover, it has also been suggested that increased ASM contractility is also a mechanical determinant of ‘chronic’ 248 

AHR development (27). One possible mechanism by which sulazepam may regulate AHR development is by suppressing 249 

chronic ASM contractility. In our model, this would be sustained by daily inhalation of sulazepam prior to challenge with 250 

HDM. Previously, we established that sulazepam activates OGR1 in a biased manner to preferentially signal through Gs-251 

cAMP-PKA pathway (15), which can antagonize contractile signaling in ASM cells at multiple junctions (28, 29). This could 252 

also partly explain why lorazepam was not as effective in protecting HDM-challenged WT mice from developing AHR, 253 

given lorazepam activates both Gq and Gs signaling, whose competing effects could effectively cancel each other out. 254 

Moreover, although our previous studies demonstrated that sulazepam could stimulate cAMP/PKA under physiological pH 255 



 

17 
 

(7.4), sulazepam-stimulated cAMP-PKA was actually higher at lower pH’s. Thus, the acidic airway microenvironment 256 

shown to exist in the inflamed asthmatic airway (11, 30) likely further augments the cAMP-PKA-mediated ASM relaxant 257 

effect of sulazepam. 258 

 Finally, benzodiazepines have been demonstrated to cause respiratory depression (31, 32). Such respiratory 259 

depression could possibly contribute to the observed effects of benzodiazepines on HDM-induced AHR, including 260 

exacerbation of the already low pH observed in the asthmatic lung associated with lung inflammation (30). Although such 261 

effects of sulazepam have yet to studied, it is possible that sulazepam may act in a similar manner.  262 

  In a previous study, it was reported that OGR1KO mice were resistant to allergen-induced allergic airway 263 

inflammation, partly attributed to the suboptimal migration and function of dendritic cells (12). In the current study, we 264 

demonstrate that OGR1KO are susceptible to allergen-induced airway inflammation and demonstrate increased AHR. 265 

The choice of allergen (ovalbumin vs HDM) and the strain of mice (BALB/c vs C57BL/6) employed in the two models are 266 

different and may account for the conflicting results. Notably, eosinophil numbers were higher in OGR1KO mice treated 267 

with sulazepam, suggesting possible off-target effects of sulazepam on the GABAA receptors or the peripheral 268 

benzodiazepine receptor (TSPO; 18 kDa translocator protein).   269 

 In conclusion, our studies indicate that OGR1 is not a requirement for development of allergen-induced inflammation 270 

and the asthma phenotype but can be targeted by the Gs-biased benzodiazepine sulazepam to protect mice from 271 
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allergen-induced AHR but not lung inflammation. OGR1-dependent mechanisms effecting this protection may include 272 

mitigation of airway remodeling and inhibition of chronic ASM contraction caused by chronic inflammation. 273 

  274 
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 356 

Figure Legends 357 

Figure 1: Allergen sensitization and benzodiazepine treatment schedule. C57BL/6 mice (8-10 weeks old) and age 358 

matched OGR1KO mice (C57BL/6 background) were sensitized to HDM allergen (25 μg) administered intranasally for 5 359 

days/week for 3 weeks. Thirty min prior to sensitization, mice were treated with lorazepam or sulazepam (3 mg/kg) via 360 

intranasal instillation. Twenty-hours post final sensitization/treatment; mice were anesthetized for flexiVent analysis and 361 

collection of bronchoalveolar lavage fluid (BALF). Following this, lung tissue was harvested from animals for generating 362 

histological sections and protein lysates. 363 

 364 

Figure 2: Allergen-induced AHR and effect of prophylactic treatment with benzodiazepines. (A) WT and (B) 365 

OGR1KO mice were subjected to increasing doses of nebulized methacholine challenge protocol to study respiratory 366 

mechanics. Mean total airway resistance (Rs) was computed for each dose for all animals within treatment groups. Data 367 

shown above represent a mean from n=6-12 animals per group (Ravg ± SEM; standard error of means). * denotes 368 

statistical significance (p<0.05) relative to PBS treated mice and # denotes statistical significance (p<0.05) between HDM 369 
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challenged, vehicle-treated and sulazepam-treated groups. Statistical differences are assessed for magnitude of change 370 

in Rs at each concentration of MCh across all treatment groups. Lor: lorazepam, Sul: sulazepam, HDM: house dust mite, 371 

PBS: phosphate buffered saline.   372 

 373 

Figure 3: Effect of benzodiazepines on allergen-induced airway inflammation. BALF total and differential cell counts 374 

in (A) WT and (B) OGR1KO mice. Total BALF cell count was determined using a hemocytometer. Differential staining 375 

was used to determine proportions of specific immune cell populations. Data shown above represent mean ± SEM mean 376 

from n=6-12 animals per group. * denotes statistical significance (p<0.05) relative to PBS treated mice and # denotes 377 

statistical significance (p<0.05) between HDM challenged, vehicle-treated and sulazepam-treated groups. Lor: lorazepam, 378 

Sul: sulazepam, HDM: house dust mite, PBS: phosphate buffered saline.   379 

 380 

Figure 4: Effect of benzodiazepines on allergen-induced airway cytokine and chemokine profile. BALF cytokine 381 

and chemokine levels were measured in (A) WT and (B) OGR1KO mice using Multiplexed LASER bead technology. Data 382 

shown above represent mean ± SEM from n = 6-12 animals per group. * denotes statistical significance (p<0.05) relative 383 

to PBS treated mice and # denotes statistical significance (p<0.05) between HDM challenged, vehicle-treated and 384 

sulazepam-treated groups. Lor: Lorazepam, Sul: Sulazepam, HDM: house dust mite, PBS: phosphate buffered saline, IP-385 

10: interferon-γ-induced protein 10, LIF: leukemia inhibitory factor.   386 
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 387 

Figure 5: Histopathological changes in murine lung tissue. Histopathological analyses were performed on paraffin-388 

embedded lung tissue sections stained with either (A) H&E or (B) PAS stains. Data represent mean ± SEM values, n = 3-389 

5 mice per group. HDM: house dust mite, PBS: phosphate buffered saline.  390 

 391 

Figure 6: Histological evaluation of collagen deposition and examination of soluble collagen. (A) Paraffin-392 

embedded lung tissue sections stained with acid fuchsin orange G (AFOG). Collagen deposition around airways is 393 

highlighted by black arrows. Bar size: 125 μm. (B) Quantification of airway wall thickness in AFOG stained murine lung 394 

tissue slides. (C) Soluble collagen levels were measured in lung tissue lysates generated from WT and OGR1KO mice 395 

challenged with HDM and treated with vehicle or benzodiazepines. * denotes statistical significance (p<0.05) relative to 396 

PBS treated mice and # denotes statistical significance (p<0.05) between HDM challenged, vehicle-treated and 397 

sulazepam-treated groups. Lor: Lorazepam, Sul: Sulazepam, HDM: house dust mite, PBS: phosphate buffered saline.  398 

 399 

Figure 7: Immunofluorescence and western blot analysis of airway remodeling markers. (A) Immunofluorescence 400 

staining of smooth muscle alpha-actin (sm α-actin). Positive staining for sm α-actin (green) is highlighted by yellow 401 

arrows. Bar size: 50 μm.   (B) Quantification of peribronchial sm α-actin staining. * denotes statistical significance (p<0.05) 402 

relative to PBS treated mice and # denotes statistical significance (p<0.05) between HDM challenged, vehicle-treated and 403 
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sulazepam-treated groups. (C) Western blot analysis and (D) Quantitative estimation of sm MHC and sm α-actin levels in 404 

murine lung lysates. Data represented as mean integrated signal intensity for sm MHC or sm α-actin normalized to 405 

integrated signal intensity of β-actin.  Data represent mean ± SEM values, n = 3-6 mice per group. PBS: phosphate 406 

buffered saline, HDM: house dust mite, Lor: lorazepam, Sul: sulazepam, sm: smooth muscle, MHC: myosin heavy chain.  407 
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