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Abstract

We describe pharmacokinetic and pharmacodynamic properties of two novel oral drug candidates 

for asthma. Phenolic α4β3γ2 GABAAR selective compound 1 and acidic α5β3γ2 selective 

GABAAR positive allosteric modulator compound 2 relaxed airway smooth muscle ex vivo and 

attenuated airway hyperresponsiveness (AHR) in a murine model of asthma. Importantly, 

compound 2 relaxed acetylcholine contracted human tracheal airway smooth muscle strips. Oral 

treatment of compound 1 and 2 decreased eosinophils in bronchoalveolar lavage fluid in 

ovalbumin sensitized and challenged mice, thus exhibiting anti-inflammatory properties. 

Additionally, compound 1 reduced the number of lung CD4+ T lymphocytes and directly 

modulated their transmembrane currents by acting on GABAARs. Excellent pharmacokinetic 

properties were observed, including long plasma half-life (up to 15 hours), oral availability, and 

extremely low brain distribution. In conclusion, we report the selective targeting of GABAARs 

expressed outside the brain and demonstrate reduction of AHR and airway inflammation with two 

novel orally available GABAAR ligands.
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Introduction

Asthma is a chronic inflammatory lung disorder that affects children and adults of all ages.1 

The prevalence of asthma in the United States continues to rise with an estimated 39.5 

million people diagnosed with asthma, including 8.7 million children.2 Characteristic 

features of asthma include variable and recurring symptoms of airway inflammation, 

mucous cell metaplasia, airflow obstruction, and airway hyperresponsiveness (AHR).3 First 

line therapy consists of inhaled anti-inflammatory corticosteroids and/or bronchodilators, 

such as long-acting beta 2 adrenergic receptor agonists, in a stepwise strategy for the long-

term management of chronic persistent asthma symptoms.2 Inhalers are prone to improper 

use leading to imprecise dosing, oral infections and overall poor compliance.4 Severe asthma 

is treated with systemic corticosteroids, which are associated with adverse side effects such 

as adrenal suppression, growth suppression, cataract formation, thinning or bruising of the 

skin, increased mortality, and loss of asthma control.5–10 Furthermore, orally available 

leukotriene receptor antagonists are commonly used to manage asthma symptoms,11 

however, up to 78% of patients do not respond to this alternative therapy.12 Thus, new oral 

asthma therapies are needed to overcome imprecise drug administration and reduce systemic 

adverse effects.

The GABAA receptors (GABAAR) are ligand-gated chloride ion channels best known for 

their inhibitory role in the central nervous system (CNS). GABAARs are heteropentamers 

assembled from 19 different subunits (α1–6, β1–3, γ1–3, δ, ε, π, θ, ρ1–3). Classical 

GABAARs consist of two α, two β, and one γ, δ, ε, θ, or π subunit.13, 14 GABAAR subunits 

have been identified in airway smooth muscle,15–18 airway epithelium,19 and immune/

inflammatory cells.20–24 Evidence that GABAARs in the lungs of asthmatic mice can be 
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targeted with small molecules was demonstrated first by Munroe, et al.25 using plant-based 

honokiol, a positive allosteric GABAAR modulator with selectivity towards the α1/2/3β3γ2 

GABAAR subtypes.26 The compound reduced AHR and lung eosinophilia upon acute and 

chronic administration in an ovalbumin sensitized and challenged (ova s/c) mouse asthma 

model. Allergen challenge in honokiol treated mice demonstrated increased regulatory 

cytokine secretion and reduced pro-inflammatory cytokine release. Selective targeting of the 

α4β3γ2 GABAAR with XHE-III-7427 and XHE-III-74EE23 was shown to alleviate AHR in 

mouse asthma models (Figure 1).

In addition, these compounds relaxed pre-contracted rodent and human airway smooth 

muscle ex vivo. Moreover, XHE-III-74A significantly reduced airway eosinophilia in ova s/c 

mice and reduced IL-2 secretion in phorbol myristate acetate (PMA) and 

phytohemagglutinin (PHA) activated Jurkat cells.23 In contrast, AHR alleviating properties 

of α5β3γ2-selective GABAAR positive allosteric modulators have not been demonstrated, 

although selective GABAAR ligand SH-053-2′F-R-CH3 has been shown to relax human and 

guinea pig smooth muscle tissue ex vivo.15, 17 XHE-III-74, XHE-III-74EE,23 and 

SH-053-2′F-R-CH3
15 can cross the blood brain barrier (BBB) and induce CNS effects at 

higher concentrations. In addition, limited pharmacokinetic characterization has been 

reported for all four compounds.23, 28 In this study, we present the pharmacological 

properties of compound 1 and 2 with respect to the pathognomonic features of asthma.

Experimental Section

Chemicals

Compounds 1 and 2 were synthesized using a published procedure.41, 46 The purity of both 

compounds (>98%) was confirmed by nuclear magnetic resonance (NMR), high resolution 

mass spectrometry (HRMS) and liquid chromatography (supporting information).

Experimental animals

5–10 week old male BALB/c and Swiss Webster mice (Charles River Laboratory, WIL, MA) 

and adult (425–450 g) male Hartley guinea pigs (Charles River Laboratory, WIL, MA) were 

used for the experiments. The animals were housed under specific pathogen-free conditions, 

under standard conditions of humidity, temperature and a controlled 12 h light and dark 

cycle and had free access to food and water. All animal experiments were in compliance 

with the University of Wisconsin, Milwaukee or Columbia University Institutional Animal 

Care and Use Committees (IACUC).

Ovalbumin sensitization and challenge

Randomized male BALB/c mice in a group size of ten were sensitized three times with 

intra-peritoneal (i.p.) injections of 2 mg/kg/d of ovalbumin (ova) (Sigma-Aldrich, St. Louis, 

MO) emulsified in 2 mg of Alum (Imject Alum; Thermo Scientific, Pierce, Rockford, IL) on 

days 0, 7 and 14 in a total volume of 100 μL. Mice were anesthetized with isoflurane and 

challenged intra-nasally (i.n.) with 1 mg/kg/d ova for 5 days from days 23–27. Control mice 

were sensitized with ova and challenged with i.n. saline.47 The chronic effects of compound 

1 and 2 for a duration of 5 days during the ova challenge period were tested in separate 
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groups of ten ova s/c BALB/c mice. As a positive control, separate groups of ten ova s/c 

BALB/c mice received dexamethasone at 4 mg/kg for 8 days. Airway hyper-responsiveness 

parameters were assessed on day 28 and mice were sacrificed using an overdose of 

ketamine/xylazine i.p. on day 29 for assessment of inflammatory cells and mucus 

metaplasia.

Immunoblot analysis

Whole spleens from ova s/c BALB/c mice were disrupted and combined with protease 

inhibitor cocktail tablet (Roche Applied Sciences, Indianapolis, IN) and membrane protein 

extracted according to the protocol provided by Mem-PER™ Plus membrane protein 

extraction kit (Thermo Fisher Scientific Inc, Rockford, IL). Membrane protein concentration 

was determined by Pierce™ Coomassie (Bradford) protein assay kit (Thermo Fisher 

Scientific Inc, Rockford, IL), according to the manufacturer’s instructions. Protein extracts 

were subjected to SDS-PAGE using NuPAGE Novex 4–12% Bis-Tris protein gels (Thermo 

Fisher Scientific Inc, Rockford, IL) and transblotted onto nitrocellulose iBlot® 2 transfer 

stacks (Thermo Fisher Scientific Inc, Rockford, IL) using the iBlot® 2 gel transfer device. 

Membranes were blocked in superblock™ T20 (TBS) blocking buffer (Thermo Fisher 

Scientific Inc, Rockford, IL) for 1 hour at room temperature and then incubated with 

primary antibodies: (α1, dilution 1:100, 06-868, EMD Millipore), (α2, MABN1724, 

dilution 1:50, EMD Millipore), (α3, dilution 1:200, sc-133603, Santa Cruz), (α4, dilution 

1:200, sc-7355, Santa Cruz), α5, dilution 1:500, sc-7348, Santa Cruz), (β3, dilution 1:500, 

sc-376252, Santa Cruz) and (γ2, dilution 1:100, MABN875, EMD Millipore) overnight at 

4°C. This was followed by treatment for 1 hour with HRP conjugated secondary antibodies: 

(goat anti-mouse, dilution 1:5000, c-2031, Santa Cruz), (donkey anti-goat, dilution 1:5000, 

sc-2033, Santa Cruz), and (goat anti-rabbit, dilution 1:5000, sc-2030, Santa Cruz). The 

protein bands were developed using Pierce™ ECL western blotting substrate (Thermo 

Fisher Scientific Inc, Rockford, IL) according to manufacturer’s recommendations. A CCD 

camera connected to FluorChem HD2/ FC2 (Cell Biosciences Inc, Santa Clara, CA) was 

used to capture the digital images.

Automated Patch-Clamp Electrophysiology for splenocytes

Splenocytes from four ova s/c BALB/c mice were prepared following BD Biosciences 

instructions for preparation of murine splenocytes and red blood cell lysed using BD Pharm 

Lyse™ lysing solution (BD Biosciences, San Jose, CA). CD4+ T cells were isolated from 

splenocytes using an Affymetrix eBiosciences MagniSort® mouse CD4+ T cell enrichment 

kit following manufacturer’s instructions (Thermo Fisher Scientific Inc., Rockford, IL). 

Splenocytes were maintained in suspension in RPMI 1640 medium with L-glutamine 

(Thermo Fisher Scientific Inc., Rockford, IL) supplemented with 10% (v/v) fetal bovine 

serum, 10 μM 2-mercaptoethanol and 1% penicillin/streptomycin in the presence or absence 

of 100 μg/mL ovalbumin. The cells were maintained in 5% CO2, 95% humidified air at 

37 °C for 48 hours. Automated patch-clamp studies were conducted as described 

previously.23 Briefly, the IonFlux plate layout consists of units of 12 wells: two wells 

contain intracellular solution (ICS containing 346 mM CsCl, 1 mM CaCl2, 1 mM MgCl2, 11 

mM EGTA, 10 mM HEPES, pH 7.2 with CsOH), one contains cells diluted in extracellular 

solution (ECS containing 140 mM NaCl, 5 mM KCl, 2 mM CaCl2, 1 mM MgCl2, 5 mM D-
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glucose monohydrate, and 10 mM HEPES, pH 7.4 with NaOH), eight contain the 

compounds of interest diluted in ECS, and one well is for waste collection. Cells are 

captured from suspension by applying suction to microscopic channels in ensemble 

recording arrays. Once the array is fully occupied, the applied suction breaks the membranes 

of captured cells, which establishes whole cell voltage clamp. For compound applications, 

pressure is applied to the appropriate compound wells, which introduces the compound into 

the extracellular solution rapidly flowing over the cells. For recording GABAAR induced 

currents, cell arrays were voltage clamped at a hyperpolarizing holding potential of −50 mV. 

Prior to use on the automated patch clamp, cells were centrifuged at 380g for 2 minutes and 

resuspended gently in ECS. This was repeated two more times before the cells were 

dispensed into the plate. GABA and muscimol were diluted to appropriate concentrations in 

ECS to appropriate concentrations before application and data was recorded from eight 

individual ensembles.

Drug treatment protocol

Sterile solutions of compound 1 or 2 were prepared in 2% hydroxypropyl methylcellulose 

solution (Sigma-Aldrich, St. Louis, MO) and 2.5% polyethylene glycol (Sigma Aldrich, St. 

Louis, MO) in a biological safety cabinet. A fine suspension was obtained by grinding the 

mixture with a mortar and pestle. Drugs were administered individually at 100 mg/kg by 

oral gavage with 20G gavage needles (Kent Scientific Corporation, Torrington CT) to groups 

of ova s/c BALB/c twice daily for 5 days during the ova challenge period. Mice received a 

single p.o. dose of the compounds just before airway parameter measurements. 

Dexamethasone (Sigma-Aldrich, St. Louis, MO) was prepared in 10% DMSO, 40% 

propylene glycol, and 50% PBS given as i.p injection. Dexamethasone was administered (4 

mg/kg) daily for 8 days. Mice were monitored daily after drug administration.

Assessment of Airway hyper-responsiveness

Airway hyper-responsiveness to methacholine in conscious, spontaneously breathing 

animals was measured by DSI’s Buxco® FinePointe Non-Invasive Airway Mechanics 

(NAM) instrument.48 Before measurements were taken, mice were acclimated to the 

chambers 15 minutes daily for 5 days. The chambers were also calibrated each time before 

data collection. Briefly, the nasal chamber in combination with the thoracic chamber allows 

the computation of specific airway resistance (sRaw). The FinePointe software computes 

specific airway resistance (sRaw) with all other ventilatory parameters derived by the NAM 

analyzer. Mice were exposed to aerosolized PBS (for the baseline measurement) or 

methacholine (1.5625–12.5 mg/mL) for 1 minute and readings were taken and averaged for 

3 minutes after each nebulization. Data obtained were presented as sRaw versus the 

methacholine concentration (mg/mL) used to generate the aerosol.23

Eosinophil count

Immediately after assessment of airway hyperresponsiveness, mice were euthanized with a 

cocktail of ketamine (300 mg/kg) and xylazine (30 mg/kg) (Sigma Aldrich, St. Louis, MO) 

in an approximate volume of 100 μL per i.p. injection. The lungs were dissected and 

tracheostomized with an 18G luer stub adapter. The left lung was clamped using a hemostat 
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and the right lung perfused with 500 μL sterile saline. Broncho-alveolar lavage fluid (BALF) 

was then pooled and aspirated into tubes.23, 47

BALF was spun onto positively charged slides using Thermo Shandon Cytopsin® 3 

(Marshal Scientific, Brentwood, NH). Slides were stained with Wright Geimsa stain (Sigma-

Aldrich, St. Louis, MO) and washed with ddH20 for 10 minutes. The slides were cover 

slipped with Permount™ mounting media (Fisher Scientific, Pittsburgh, PA) and the number 

of eosinophils counted using the Labomed™ TCM 400 inverted microscope light 

microscope (Labo America Inc., Freemont, CA) in four randomly chosen fields of view at 

20X. Eosinophils were determined as a percentage of the total cells in each field and 

expressed as percent eosinophil.23, 47

Flow cytometry

Bronchoalveolar lavage (BAL) was performed with 1 ml of Ca2+ and Mg2+ free PBS. Red 

blood cells (RBCs) were lysed using BD red blood cell lysis buffer (BD Pharmingen, San 

Jose, CA). BALF was split into four different tubes and non-specific binding to Fc receptors 

was blocked for 5 min using 6 μg/ml of 2.4G2 mouse BD Fc Block™ (BD Pharmingen, San 

Jose, CA). BALF cells were stained for 30 minutes at 4 °C in the dark with 100 μl BSA stain 

buffer (BD Pharmingen, San Jose, CA) containing the final concentrations of the following 

antibodies: anti-mouse CD45 APC (1:1000, 30-F11, Affymetrix eBiosciences, San Diego, 

CA), FITC rat anti-mouse CD4 (1:500, RM4-5, BD Pharmingen, San Jose, CA), FITC rat 

anti-mouse CD11b (1:200, M1/70, BD Pharmingen, San Jose, CA), FITC rat anti-mouse 

Ly-6G and LY-6C (GR-1) (1:500, RB6-8C5, BD Pharmingen, San Jose, CA) and mouse 

CCR3 PE-conjugated antibody(1:40, 83101, R&D systems Inc, Minneapolis, MN). Flow 

cytometric studies were done using the BD FACS Calibur (BD Pharmingen, San Jose, CA) 

and data analyzed subsequently using Cell Quest pro software (BD Pharmingen, San Jose, 

CA).49 Gating strategies for the different markers and treatment groups are shown in 

supporting information (Figures S6–S9). Total inflammatory cell count was obtained by 

running all samples on high (60 μl/min) for 180 seconds. The gated anti-mouse CD45 

positive events in the fourth channel (FL4) were used to calculate the total inflammatory cell 

count as cells /ml. The frequencies of CCR3+, GR1+, CD4+ and CD11b+ cell populations in 

their respective gates were multiplied by the total inflammatory cell count (cells/ml) to 

obtain the differential cell population.

Statistical analysis

Data were analyzed using GraphPad Prism 4 (GraphPad Software, San Diego, CA) and 

expressed as mean ± SEM. One-way analysis of variance (ANOVA) with Dunnet post hoc 

test or two-way ANOVA with Bonferroni post hoc test were performed for statistical 

difference for multiple groups. For comparison of two groups, a two-tailed unpaired 

Student’s t test was used. Statistical significance was defined as p < 0.05.
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Results

GABAARs are expressed in splenocytes and respond to GABA and muscimol

GABAARs have been identified in multiple extra-CNS tissues such as the lungs, kidneys, 

endocrine organs, heart, ovary, testis, placenta, uterus, pancreas, small intestines and 

testis.16, 17, 23, 29, 30 Herein, we determined the expression of GABAAR subunits in immune 

cells collected from the spleen (Figure 2).

Western blotting identified immunoreactive bands for the α1, α2, α4, α5, β3 and γ2 subunits 

in membrane proteins obtained from spleen tissues of ova s/c BALB/c mice. An 

immunoreactive band at 51 kDa for α1 was observed as reported.31 For α2, an 

immunoreactive band at 65 kDa was observed for splenocytes as well as mouse cerebellum 

extract in addition to the predicted immunoreactive band at 53 kDa. Both bands were 

described in an earlier report for ova s/c mouse lung extract.23 The expression of the α3 

GABAAR subunit was not identified. For α5, a single molecular weight band at 51 kDa was 

observed for splenocyte extract (Figure 2E). An additional immunoreactive band at 64 kDa 

was detected for mouse brain extract and ova s/c mouse lung homogenate.23 The γ2-specific 

antibody produced immunoreactive bands at 65 kDa and 52 kDa in splenocytes. A single 

band at 65 kDa was observed in mouse cerebellum extract. Finally, the immunoreactive 

bands observed with β3- and α4-specific antibodies were identical in splenocyte extract, 

mouse cerebellum extract, and H4 cell lysate controls (Figure 2D and F). Thus, we 

confirmed the presence of GABAAR subunits in a heterogeneous immune cell population, 

which prompted us to investigate the modulation of these receptors by GABAAR agonists. 

Accordingly, splenocytes from ova s/c mice cultured with and without ovalbumin were 

investigated by patch clamp. The electrophysiological responses of both cell preparations in 

the presence of increasing concentration of GABA and GABAAR agonist muscimol were 

detected at a holding potential of −50 mV (Figure 3).

Patch-clamp is usually carried out on a single cell, making it difficult to investigate a 

heterogeneous cell population such as splenocytes. However, an automated patch clamp 

approach using the Ionflux system overcomes this limitation by trapping twenty cells 

simultaneously and recording an average change of current at a constant holding potential. 

Using this instrument, we were able to record a change of current at a holding potential of 

-50 mV for splenocytes in the presence of GABA. This current change was concentration-

dependent between 0 and 33 μM of GABA with a calculated EC50 value of 2.05 μM (Figure 

3A and C). Splenocytes from ova s/c mice cultured with or without ovalbumin gave similar 

current changes. The GABAAR agonist muscimol exhibited a similar affinity to GABAARs 

expressed on splenocytes based on similar EC50 values in comparison to GABA (Figure 

3B). However, the induction of current alteration was only around 50% of the current change 

induced by GABA resulting in a lower efficacy of muscimol towards GABAARs on 

splenocytes (Figure 3C and D).

Compounds 1 and 2 relax airway smooth muscle

The ability of compounds 1 and 2 to relax airway smooth muscle was investigated using two 

ex vivo model systems (Figure 4). These include the application of substance P to guinea pig 
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tracheal rings, causing smooth muscle constriction mediated by the Gq-coupled neurokinin 

receptors32 and acetylcholine applied to human tracheal airway smooth muscle strips, acting 

at muscarinic acetylcholine receptors that include Gi and Gq-protein coupled receptors.33

Compound 1 significantly reduced substance P-induced contraction of guinea pig ASM at 

15, 30, 45, and 60 minutes (Figure 4A). The contractile force induced by substance P 

spontaneously decreased over a period of one hour, however, significant smooth muscle 

relaxation was observed for 50 μM compound 1 at each time point. The response was 

concentration dependent (Figure 4B). In contrast, acetylcholine induced a long lasting 

smooth muscle constriction in human tracheal airway smooth muscle strips that did not 

change during one hour (Figure 4C). For compound 2 at 100 μM a time-dependent 

relaxation of constricted human tracheal airway smooth muscle was observed. The smooth 

muscle relaxation was significant after 15 minutes. In addition, the concentration of 

compound 2 in the human airway smooth muscle was quantified after a one hour incubation 

with 100 μM of compound 2. In contrast to the bath concentration of 100 μM compound 2, 

the concentration of compound 2 in tissue after extraction and quantification by LCMS/MS 

was 9.8 μM. When applying different concentrations (Figure 4D), we observed that 50 μM 

of compound 2 was sufficient to relax guinea pig smooth airway muscle after 30 minutes.

Compounds 1 and 2 delivered orally in mice distribute readily to lung but not brain

Pharmacokinetic analysis of drug candidates is essential to ensure pharmacological 

concentrations in target tissues, and enables further dosage optimization. The 

pharmacokinetic profiles of compounds 1 and 2 are presented in Figure 5.

Pharmacokinetic analysis following oral administration of compound 1 at 25 mg/kg 

indicated absorption within one hour and excellent distribution (AUC = 2270.2 μg*min/g) 

with a Tmax of 60 minutes in blood and lungs (Figure 5A). The Cmax was highest in blood 

followed closely in lungs with a Cmax of 10.23 μg/g. The half-life of compound 1 was 

shorter in blood than in lungs (238 minutes), as compound 1 was still detected in lungs after 

8 hours (Figure 5A). Importantly, extremely low amounts of compound 1 were observed in 

brain. Compound 2 exhibited pharmacokinetic properties similar to compound 1. The acid 

was well absorbed and distributed with a Tmax of 60 minutes in blood and lungs (Figure 5B). 

Comparable concentrations of compound 2 were observed in blood and lungs. However, 

compound 2 had a significantly longer half-life in the blood (~15 hours) compared to 

compound 1. Like compounds 1, compound 2 was still detected after 8 hours in lung tissue. 

Most importantly, negligible concentrations of compound 2 were detected in the brain. At a 

dosage of 100 mg/kg, compounds 1 and 2 were given orally to mice to investigate any CNS 

effect when balancing on a rotating rod (rotarod assay). As presented in the SI Figure1, no 

motor sensory impairment was observed. Furthermore, low efficacy toward the α1β3γ2 

GABAAR, which mediates sedation and tolerance, was demonstrated for compound 1 (SI 

Figure 2) and compound 2.34
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Compounds 1 and 2 have anti-inflammatory properties

Flow cytometry was used to quantify the changes of inflammatory cells in bronchoalveolar 

lavage fluid (BALF) of ova s/c BALB/c mice when treated orally with compound 1 or 2 at 

doses of 100 mg/kg twice daily for five days (Figure 6, A–F).

Leukocytes were incubated with fluorescent mouse CD45 antibody, which is specific for 

protein tyrosine phosphatase that is selectively expressed in hematopoietic cells. Ova s/c 

mice that exhibit asthma-like inflammation showed a significant increase of white blood cell 

numbers in BALF (Figure 6A). Importantly, oral administration of compounds 1 and 2 for 5 

days decreased the number of leukocytes in BALF, demonstrating anti-inflammatory 

properties. The reduction of white blood cells was more pronounced for i.p. administration 

of 4 mg/kg dexamethasone over an 8 day treatment course. Eosinophilia in BALF, a 

hallmark of inflammation in ova s/c mice,35 was quantified by selective staining using 

Wright Geimsa (Figure 6B). Treatment of compound 1 (p < 0.001) or 2 (p < 0.05) for 5 days 

b.i.d. significantly decreased eosinophils in mouse BALF. To further differentiate the change 

of mouse BALF leukocyte populations, flow cytometry using cell type-specific fluorescent 

antibodies was carried out. Eosinophil quantification was achieved by immunostaining with 

a fluorescent antibody to chemokine receptor type 3 (CCR3, CD193). As demonstrated in 

Figure 6B, BALF from ova s/c mice contained a large number of eosinophils that were 

significantly reduced by oral treatment with compound 1 or 2 (Figure 6C). Dexamethasone 

i.p. treatment almost completely eliminated the presence of eosinophils. A similar study 

using fluorescent GR1 antibody, selective for mouse Ly-6G/Ly-6C myeloid differentiation 

antigens expressed on granulocytes and macrophages, mirrored these results (Figure 6D). 

Quantification of CD4+ helper T lymphocytes was achieved by fluorescent anti-CD4 

immunostaining. In comparison to granulocytes, a relatively smaller number of CD4+ T cells 

were detected in BALF of ova s/c mice (Figure 6E). Although 5 day oral treatment of 

compound 2 b.i.d. significantly reduced the number of eosinophils, a similar significant 

reduction in CD4+ T cells was not observed. However, the same treatment regimen with 

compound 1 significantly reduced both of CD4+ T cell and eosinophil numbers. As 

expected, dexamethasone treatment at 4 mg/kg i.p. for 8 days significantly reduced the 

CD4+ T cell population. Finally, neutrophils, basophils, monocytes and macrophages were 

quantified, as detected by immunostaining with fluorescent CD11b antibody, selective for 

integrin alpha M (Itgam, Mac-1, CR3A, CD11b). For ova s/c mice, a significant increase in 

this leukocyte population was observed in BALF. Importantly, treatment with compound 1 
or 2 significantly reduced their number in the BALF of ova s/c mice, as did dexamethasone 

treatment (Figure 6F). In addition, CD4+ T cells were isolated from spleen of ova s/c mice 

and their change of transmembrane currents was determined by patch clamp in the presence 

compounds 1 and 2 and low concentrations of GABA. Compound 1 induced a 

concentration-dependent increase in transmembrane current (Figure 6G). The modulation of 

transmembrane currents was not concentration dependent for compound 2 (Figure 6H). 

Overall, the electrophysiological effect on CD4+ T cells was more pronounced for 

compound 1, which induced large current changes at concentration higher than 1 μM (Figure 

6I).
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Compounds 1 and 2 reduce airway hyperresponsiveness

AHR is a cardinal feature of asthma, characterized by physiologic perturbation to 

cholinergic agonists.36 Pharmacodynamic properties of orally administered compound 1 or 2 
were investigated with ova s/c mice in the presence of increasing concentrations of 

aerosolized methacholine by measuring specific airway resistance (sRaw) with a Buxco 

FinePointe non-invasive airway mechanics instrument (Figures 7, A and B).

Significant reduction of AHR was observed at methacholine concentrations of 6.25 and 12.5 

mg/mL. Administration of compound 1 (5 days, 100 mg/kg b.i.d.) including 30 minutes 

before the measurement caused significant reduction of sRaw values at 3.13 and 6.25 

mg/mL methacholine challenge doses (Figures 7A). These results are in agreement with 

results published previously with α4-selective GABAAR ligand XHE-III-74EE that 

protected against AHR at low methacholine concentrations.23 The report also demonstrated 

the reduced AHR for dexamethasone treated ova s/c mice. Importantly, administration of 

compound 2 produced a significant downward shift of sRaw values and therefore protection 

of AHR at high methacholine concentrations (6.25 mg/mL and 12.5 mg/mL methacholine) 

(Figure 7B). The mouse lung was investigated further using periodic acid fluorescent 

Schiff’s stained sections to assess mucus content (Figure S4). Oral administration of 

compound 1 or 2 did not significantly change mucous metaplasia compared to vehicle-

treated ova s/c mice.

Discussion

Inhaled corticosteroids and beta 2 adrenergic receptor (β2AR) agonists are cornerstones of 

the long-term management of moderate to severe persistent asthma.37, 38 Although the 

inhaled route of administration offers targeted drug delivery of high dosages to the lung and 

reduced systemic side effects (such as osteoporosis, impaired immunity, and reduced growth 

associated with the prolonged use of corticosteroids), it poses drug adherence and 

compliance issues for patients.39, 40 Inhaled asthma therapeutics can also be expensive, 

inconvenient, and some have to be carried at all times.39 Hence, both children and the 

elderly find this route of drug administration difficult. Poor inhalation technique greatly 

affects drug delivery to the lungs and is the principal reason for poor medication efficacy. 

This subsequently affects the outcome of asthma therapy resulting in increased morbidity 

and mortality.39, 40 Oral administration, however, is widely accepted and can be supervised 

by parents and caregivers. Furthermore, long-lasting drug exposure and resulting 

pharmacological effects enable protection during day and night.

Here, we demonstrate the pharmacological effects of novel GABAAR positive allosteric 

modulators that, unlike commonly known ligands with such activity, have extremely low 

distribution in brain. Low brain exposure was confirmed by no detectable adverse CNS 

effects, as measured with a murine sensorimotor assay at high oral dosages (Figure S1). The 

innovative chemical compositions include hydrophilic groups such as phenolic hydroxyl 

(compound 1) and carboxylic acid (compound 2) attached to well-known 

imidazobenzodiazepine scaffolds. Although different in their acidity (pKA), both changes 

almost completely reduced brain exposure. Importantly, compounds 1 and 2 exhibited 

excellent pharmacokinetics with very high concentrations in blood and lung. A long in vivo 
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half-life, especially observed for compound 2 (15 hours) would ensure protection against 

asthma exacerbation during the day and when taken again during the night. This feature is 

similar to long acting β-agonists. We observed that oral b.i.d. administration of compound 1 
for 5 days during the ovalbumin challenge period significantly attenuated AHR at low 

concentrations of methacholine. This result is in agreement with previously investigated α4-

selective positive allosteric GABAAR modulator XHE-III-74EE administered for 7 days via 

osmotic pump.23 In addition, chronic i.p. administration of 20 mg/kg XHE-III-74EE or 40 

mg/kg of its dimethylamide analog b.i.d. for 5 days reduced sRaw values at the highest 

methacholine concentration used.23, 41 Similar results were observed in a house dust mite 

model with C57BL/6 mice with XHE-III-74 when administered as aerosol 10 minutes prior 

to the AHR measurement.27 Thus, GABAAR ligands derived from the same scaffold with 

significant selectivity towards the α4β3γ2 GABAAR have been shown to attenuate AHR 

when administered by different routes and variable dosages. Furthermore, we demonstrated 

for the first time that compound 2, an α5β3γ2 GABAAR selective positive modulator given 

orally b.i.d. at 100 mg/kg, protected against AHR.

The in vivo effects of compounds 1 and 2 on airway smooth muscle relaxation mimicked the 

ex vivo airway smooth muscle effects. In organ bath experiments, compounds 1 and 2 
significantly relaxed substance P mediated pre-contraction of guinea pig airway smooth 

muscle. Similar pharmacological effects of selective α4β3γ2 or α5β3γ2 positive allosteric 

GABAAR modulators have been reported previously.15, 17, 23, 27, 34 Importantly, compound 

2 was additionally efficacious in a clinically relevant model where human tracheal smooth 

muscle was exposed to the contractile mediator acetylcholine, which in addition to muscle 

constriction mediates airway inflammation and mucus hypersecretion.42 The actual 

concentration of compound 2 in the tissue was 9.8 μM although the concentration in the 

organ bath was 100 μM. Thus, single digit micromolar concentrations of GABAAR 

modulators enabled airway muscle relaxation.

Another important pharmacological property of the selective positive allosteric GABAAR 

modulators tested herein is their absence of mucogenic properties (Figure S4). A recent 

study has shown an excitatory rather than an inhibitory GABAergic system in the 

epithelium, whose inhibition decreased mucous production.19 However, compounds that 

specifically positively modulate the α4β3γ2 or α5β3γ2 GABAAR subtype did not increase 

mucus production in ova s/c mice.23

Airway inflammation is one of the hallmarks of asthma. It can be treated successfully with 

inhaled corticosteroids such as fluticasone,43 resulting in fewer side effects than oral 

corticosteroids such as dexamethasone or prednisolone, causing among others 

cardiovascular44 and CNS effects.45 To develop a single compound to combat AHR and 

airway inflammation, we target GABAAR proteins expressed on immune/inflammatory cells 

that respond to GABA concentrations similar to GABAARs expressed in the brain. 

Comparable effects of GABA and muscimol have been reported in activated human 

peripheral lymphocytes where both have elicited macroscopic currents.22 In whole cell 

clamp studies, tonic currents were observed in GABA activated encephalitogenic T 

lymphocytes.21 Importantly, we showed for the first time that CD4+ T cell responded 

directly to selective GABAAR modulators in the presence of GABA with a change of current 

Forkuo et al. Page 11

Mol Pharm. Author manuscript; available in PMC 2018 June 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



response. The lung eosinophilic inflammatory response to ovalbumin allergen was 

attenuated with orally administered positive allosteric GABAAR modulators. Further 

investigation of different leukocyte populations demonstrated that at least compound 1 
affected the number of CD4+ T cells in BALF and changed concentration-dependently their 

transmembrane currents. The effect on T cells was not significant for α5β3γ2 selective 

GABAAR ligand compound 2 as reflected in both the CD4+ T cell population in BALF and 

change of current response ex vivo. Evidence for GABAAR subunit expression for this cell 

type include reports of splenic CD4+ T cells obtained from NOD mice that expressed the α1 

subunits but not the α5 subunits.24 In addition, encephalitogenic T cells from mice have 

been reported to express the α1, α4, β3, and δ subunits under resting and activated 

conditions.21 Still, the exact mechanism by which changes in T cell transmembrane currents 

reduces inflammation remains to be elucidated.

In summary, we have demonstrated that splenocytes express functional GABAARs that can 

be modulated with small molecules. In addition, oral administration of compounds 1 and 2 
relaxed guinea pig airway smooth muscle ex vivo and alleviated AHR in murine model of 

asthma without increasing mucous metaplasia. Thus, we demonstrated for the first time a 

new oral asthma drug strategy based on effective prototype ligands that can be optimized 

further to combat both AHR and airway inflammation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviation

GABAAR GABAA receptor

AHR airway hyperresponsiveness

CNS central nervous system

PMA phorbol myristate acetate

PHA phytohemagglutinin

NMR nuclear magnetic resonance

HRMS high resolution mass spectrometry

BBB blood brain barrier
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ECS external cell solution

ICS internal cell solution

DMSO dimethylsulfoxide

BALF bronchoalveolar lavage fluid

GABA gamma aminobutyric acid

sRaw specific airway resistance

β2AR beta 2 adrenergic receptor
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Figure 1. 
Development of subtype-selective GABAAR modulators as drug candidates for asthma with 

their most important pharmacological characteristics.
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Figure 2. Immunoblot analysis of GABAA receptor subunits in splenocytes
Representative immunoblots (A–G) from mouse spleen homogenates of ova s/c BALB/c 

mice were generated with GABAAR subunit antibodies and 50 μg of membrane protein 

harvested from the spleen. Lane 1, molecular weight marker (kDa); lane 2, positive controls 

(α1, α3, α5, β3, mouse brain extract; α4, H4 cell lysate; α2 and γ2, mouse cerebellum 

extract); lane 3, membrane protein extracted from spleens of ova s/c BALB/c mice.
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Figure 3. Electrophysiological response of splenocytes in the presence of GABAAR agonists
A) Concentration-dependent current responses of splenocytes from ova s/c BALB/c mice 

cultured with (s/c) and without (s) ovalbumin in the presence of GABA normalized to the 

highest current change (n = 8); B) Concentration-dependent current responses of splenocytes 

from ova s/c BALB/c mice cultured with (s/c) and without (s) ovalbumin in the presence 

muscimol normalized to the highest current change (n = 8); C) current recordings of 

different concentrations of GABA applied for 3 seconds using splenocytes from ova s/c 

BALB/c mice cultured with (s/c) and without (s) ovalbumin; D) current recordings of 

different concentrations of muscimol applied for 3 seconds using splenocytes from ova s/c 

BALB/c mice cultured with (s/c) and without (s) ovalbumin.
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Figure 4. Smooth muscle contractile force measurement in the presence of compound 1 or 2
A) and B) Airway smooth muscle contractile force in guinea pig tracheal rings. Tracheal 

rings were contracted with 1 μM substance P and then treated with A) 50 μM of compound 1 
(or the vehicle control 0.1% DMSO). The percent of remaining contractile force was 

measured at various time points and expressed as a percent of the initial substance P induced 

contractile force (N = 4); B) Tracheal rings were contracted with 1 μM substance P and then 

treated with compound 1 at different concentrations. The percent of remaining contractile 

force was measured at 30 minutes and expressed as a percent of the initial substance P 

induced contractile force as a percent of control (N = 3); C) Human tracheal airway smooth 

muscle strips were contracted with an EC50 concentration of acetylcholine (Ach) and then 

treated with 100 μM of compound 2, or the vehicle 0.2% ethanol. Muscle force was 

measured at 15, 30, 45 and 60 minutes after addition of compound 2. Data are expressed as 

the percent of the initial Ach-induced contractile force. Individual muscle strips from at least 

seven humans were used. D) Guinea pig tracheal rings were contracted with 1 μM substance 
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P and then treated with different concentrations of compound 2. The percent of remaining 

contractile force was measured at 30 minutes and expressed as a percent of the initial 

substance P-induced contractile force as a percent of control (N = 3); * p < 0.05, ** p<0.01, 

*** p< 0.001 compared to the vehicle control.
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Figure 5. Pharmacokinetic profile of compounds 1 and 2 in mice blood, lungs, and brain
(A)Time-dependent systemic distribution of compound 1 (25 mg/kg via oral gavage) and (B) 

Time-dependent systemic distribution of compound 2 (25 mg/kg via oral gavage).
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Figure 6. 
Effect of compounds 1 and 2 on inflammatory cells. Groups of 10 ova s/c BALB/c mice 

were administered dexamethasone i.p., 4 mg/kg daily for 8 days; compound 1 via oral 

gavage, 100 mg/kg twice daily for 5 days and compound 2 via oral gavage, 100 mg/kg twice 

daily for 5 days. BALF was harvested from each animal and used for A) Quantification of 

total inflammatory cells. Cells were stained with mouse CD45 APC antibody and samples 

were analyzed with BD FACS Calibur on high flow rate (60 μL/min) for 180 seconds. The 

gated positive events in the fourth channel (FL4) as depicted in the supplemental 

information were used to calculate the total inflammatory cell count as cells/ml. B) 

Quantification of Wright Giemsa stained airway eosinophils. Data represent % normalized 

eosinophil count relative to CTL (negative control) and ova s/c mice (positive control). 

Examples of captured pictures are presented in supplementary information (SI Figure 5–8). 

C–F) Quantification of specific leukocyte population. (C) CCR3+ (D) GR1+ (E) CD4+ and 

(F) CD11b+ cell populations were stained with specific antibodies and detected by flow 

cytometry. Data represent mean ± SEM from 10 mice in each group. *, ** and *** indicate 

p < 0.05, p <0.01, p <0.001significance, respectively, compared to vehicle treated ova s/c 
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BALB/c mice; G) current recordings in the presence of 600 nM GABA and increasing 

concentration of compound 1 applied together for 3 seconds using CD4+ T-cells isolated 

from ova s/c BALB/c mice spleen; H) current recordings in the presence of 600 nM GABA 

and increasing concentrations of compound 2 applied together for 3 seconds using CD4+ T-

cells isolated from ova s/c BALB/c mice spleen; I) Concentration-dependent current 

responses of CD4+ T-cells from ova s/c BALB/c mice spleen in the presence of 600 nM 

GABA and increasing concentration of compound 1 or 2. Current readings were normalized 

to 600 nM GABA response set as 100% (n = 16).
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Figure 7. Effect of compounds 1 and 2 on airway hyperresponsiveness
Specific airway resistance (sRaw) was measured at increasing dosages of methacholine by a 

DSI’s Buxco FinePointe non-invasive airway mechanics instrument. Ova s/c BALB/c mice 

were administered A) compound 1 via oral gavage, 100 mg/kg twice daily for 5 days or C) 

compound 2 via oral gavage, 100 mg/kg twice daily for 5 days. Data represent mean ± SEM 

from 10 mice in each group. *, **, and *** indicate p < 0.05, p < 0.01, p < 0.001 

significance, respectively, compared to vehicle treated ova s/c BALB/c mice.
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