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ABSTRACT 

DEVELOPMENT OF NEW TREATMENT FOR ASTHMA AND NEUROPATHIC PAIN BASED ON  
ɣ-AMINOBUTYRIC ACID A RECEPTOR (GABAAR) LIGANDS 

 
by 

 
Nicolas M. Zahn 

 
 

The University of Wisconsin-Milwaukee, 2022 
Under the Supervision of Professor Alexander (Leggy) Arnold 

 
 

The γ-aminobutyric acid A receptor (GABAAR) is a ligand-gated pentameric chloride channel 

consisting of several identified subunits: α1-6, β1-3, γ1-3, δ, ε, π, θ, ρ1-3.1-2 Typical arrangement of 

subunits consists of two α subunits, two β subunits, and one γ subunit.3 GABAARs have two binding sites 

for the endogenous ligand  γ-aminobutyric acid (GABA), between the α and β subunits. GABAARs also have 

a binding site for positive allosteric modulators, such as benzodiazepines, between the α and γ subunits.4-

5  

Due to their ability to treat anxiety, epilepsy, insomnia, and muscle relaxation, benzodiazepines 

are widely prescribed pharmaceuticals.6-7 Still, adverse effects result from benzodiazepine use, including 

but not limited to: sedation, impaired motor coordination, amnesia, tolerance, dependence, and severe 

withdrawal symptoms.6, 8 Selectivity of benzodiazepines to specific GABAAR subtypes is currently well 

accepted drug discovery strategy.8   

The rotarod assay has been used for over 70 years to quantify the neurological effects of muscle 

relaxants, convulsants, and central nervous system (CNS) depressants.12 It is a reliable and sensitive in vivo 

sensorimotor assay that can detect neurological deficits such as sedation or impaired motor 
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coordination.¹² Additionally, an open field test can be performed in parallel to provide a more robust 

analysis of neurological deficits. The Arnold Group has used these assays to screen hundreds of novel 

subtype-selective imidazodiazepines to identify those without adverse CNS effects. 

Imidazodiazepines demonstrating no adverse CNS effects were used to develop leads to treat 

asthma inflammation and neuropathic pain by targeting non-neuronal cells expressing a narrow subset of 

GABAAR subunits. 9-11  T-lymphocytes, alveolar macrophages, and eosinophils¹⁷ all have been shown to 

express functional GABAARs suggesting their role in the airway inflammatory response.13⁻15 CD4+ T-

lymphocytes are of significant interest for their role in stimulating and coordinating the airway 

inflammatory immune response.14 Here, we describe the relationship between imidazodiazepines 

targeting non-neuronal immune cells and the corresponding airway inflammatory response both in vivo 

and in vitro. 

Airway hyperresponsiveness (AHR) was investigated in methacholine-challenged murine models 

in vivo using a non-invasive airway mechanics (NAM) plethysmograph. Methacholine, a cholinergic drug, 

acts on muscarinic receptors and causes narrowing of airways similar to asthma.¹⁶ The NAM instrument 

measures pressure, volume, and frequency of respiration and combines these parameters into an sRaw 

value measured in cmH2O*sec. Several novel imidazodiazepines were identified to have lower sRaw 

values in this model compared to commercially available asthma therapeutics. This trend was observed 

in studies of repeat dose and prophylactic dose for orally and nebulized delivered compounds, as well as 

for rescue inhalant studies. Lead compounds were also subject to in vitro experimentation. 

CD4+ T-cells have a well understood role in asthma and are responsible for perpetuating the 

inflammatory response by infiltrating airways and secreting inflammatory cytokines.¹⁸  The cytokine 

release directs other cell types to mediate many of the clinical characteristics of asthma, including 

heightened IgE production, increased eosinophilia, and accelerated immune cell proliferation.¹⁹ This 

complex inflammatory reaction can be classified into Th1 or Th2 responses. Th1 responses are 
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characterized by cytokines like interferon γ (IFNγ), interleukin-2 (IL-2), and lymphotoxin (LT), which 

promote the cell-mediated immune response.²⁰  The Th2 immune response is characterized by production 

of multiple cytokines: IL-4, IL-5, IL-10, and IL-13, among others.²⁰ To investigate the anti-inflammatory 

effects of GABAAR ligands, a protocol was developed to quantify the reduction of IL-5 and IL-13 production 

by primary activated CD4+ T-cells isolated from female Swiss Webster splenocytes using rtPCR.   

Functional γ-aminobutyric acid type A receptors (GABAARs) are well-characterized in neurons and 

have been discovered on glial cells. This includes α1, α3, and β1 subunits found on mouse microglia,²¹ 

which have been reported to mediate immune signaling.²²  Previous anti-inflammatory studies with novel 

α2/α3-subtype GABAAR positive allosteric modulators have shown analgesic properties.²⁵,²⁶ Taken 

together, these results suggest that novel imidazodiazepines are neuropathic pain lead compounds, 

reducing inflammation through targeting CNS microglia, and providing an analgesic effect. A murine 

formalin test was performed to investigate in vivo  compound efficacy in reducing neuropathic pain.  
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1.1 γ-Aminobutyric Acid (GABA) 

1.1.1 Discovery of GABA 

γ-Aminobutyric acid (GABA) was first discovered in the late 1800’s as a plant and microbe 

component of the Krebs cycle.²⁷ It was not until the 1950’s Eugene Roberts and Sam Frankel showed it 

was an amine that accumulates in very high concentrations in the brain, up to 1000x more than any other 

neurotransmitter.²⁸-²⁹ In 1959, GABA (initially named Substance I) was found to inhibit crayfish neurons, 

confirming its function as an inhibitory neurotransmitter.³⁰ This discovery was widely questioned because 

GABA lacks rapid inactivation.³¹-³² It was later proven that GABA hyperpolarizes neocortical neurons and 

that GABA inactivation occurred through rapid cellular uptake, reinforcing its classification as an inhibitory 

neurotransmitter.³³-³⁴ 

1.1.2 Formation of GABA 

The GABA shunt (Figure 1) is the main pathway that forms GABA. α-ketoglutarate is first formed 

from succinic semialdehyde through the Krebs cycle. This relation to the Krebs cycle prompted hypotheses 

that GABA had a function in metabolism.³⁵ In the mitochondria, GABA-transaminase (GABA-T) converts α-

ketoglutarate to glutamate.³⁶ Glutamate is then converted to GABA by glutamate decarboxylase (GAD), 

an enzyme located in the presynaptic terminals.³⁶ There are two types of GAD: 1) GAD65, which is activated 

in demand for additional GABA needed for neurotransmission, and 2) GAD67, which produces GABA 

independent from neurotransmission.³⁷ 
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Figure 6. GABA Shunt Relating Cytosol and Mitochondria. GABA-T: GABA α-oxoglutarate transaminase, GAD: glutamic acid 
decarboxylase, SSADH: succinic semialdehyde dehydrogenase.³⁶ 

      Once presynaptic neurons are depolarized, GABA is released into the synaptic cleft. Once bound 

to receptors on the postsynaptic cell surface, GABA is uptaken by the GABA transporter (GAT) to prevent 

binding to nearby synapses³⁸ despite the internal GABA concentration being roughly 200 times greater 

than the external GABA concentration.³⁶ GABA is then reused by neurons or subsequently converted back 

to succinic semialdehyde by GABA-T and enters the Krebs cycle.³⁶ GABA can also be generated through 

glial uptake and converted through the Krebs cycle to form glutamine, which can then be converted to 

GABA.³⁶  

1.2 The γ-Aminobutyric Acid A Receptor (GABAAR) 

1.2.1 Discovery of the GABAAR 

After nearly three decades of research, the GABAAR structure was first proposed in 1990.³⁹ During 

that time, glycine, nicotinic acetylcholine, and 5HT3 neurotransmitter receptors were discovered that 

demonstrated sequence homology in the ligand-binding regions with the GABAAR.⁴⁰ This group of 

receptors was named the Cys loop ligand-gated ion channel superfamily.⁴¹ Approximations of GABA and 

other modulator binding were needed until the heteropentameric GABAAR structure was characterized 
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through high-resolution cryo-electron microscopy (cryo-EM), confirming the binding site of GABA and 

flumazenil, an allosteric modulator.⁴²-⁴³ 

1.2.2 The Structure of GABAAR 

GABAAR arrangements contain a heteropentameric membrane bound receptor consisting of 19 

possible subunits (α1–6, β1–3, γ1–3, δ, ε, π, θ, ρ1-3).⁴⁴-⁴⁵ The cryo-EM structure (Figure 2) elucidated by 

Zhu et al. in 2018 showed similar subunit structure with an extracellular domain containing a Cys loop and 

10 β-strands within a β-sandwich, proceeded by four α-helices to form the membrane bound ion 

channel.⁴²  

 

Figure 7. Cryo-electron microscopy structure of the GABAAR. First elucidated in 2018, the GABAAR is composed of α1, β2, and γ2 
subunits with GABA and flumazenil bound as determined by Zhu et al.⁴² In red and yellow are antibodies used for isolation of the 
protein. Accessed from the Protein Data Bank (PDB: 6D6U). 

Classical GABAARs have two α, two β, and a tertiary γ or δ  subunit.⁴⁶  Expression of these subunits 

is heterogeneous across cell and tissue types, and is discussed in 1.4 Distribution of GABAARGABAAR 

Distribution.⁴⁷  The cryo-EM structure in Figure 2 is an α1β2γ2 receptor, one of the most common GABAAR 
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receptors found in the brain.⁴²  The receptor can be identified by monoclonal antibodies, which bind the 

extracellular domain of the α and β subunits seen in red and yellow (Figure 3).⁴²   

 

Figure 8. Structure of the GABAAR. a.) Lateral view, and b.) vertical view of a typical GABAAR containing two α subunits, two β 
subunits, and one γ subunit, forming two extracellular binding sites between α and β subunits for the endogenous ligand GABA 
and one extracellular binding site between α and γ subunits for positive allosteric modulators such as benzodiazepines.⁴⁸ 

 Due to the number of ligand binding sites on GABAARs, it can be targeted by different ligands 

including GABA. The three main binding sites for existing ligands are the GABA site, the benzodiazepine 

site, and the chloride channel. Additional binding sites exists for allosteric modulators such as 

neurosteroids, barbiturates, and ethanol.³⁶,⁴⁷ 

 There are two binding sites for the endogenous ligand GABA, located between α and β 

subunits.³⁶,⁴⁷ GABAARs contain a phenylalanine and three tyrosine residues that form an aromatic glove 

that binds the exposed nitrogen on GABA.⁴² Once bound, the carboxylate group on GABA provides an 

additional interaction with a threonine group on the GABAAR to further stabilize binding.⁴² 
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Figure 4. Structure of Flumazenil. With a molecular weight of 303.3 g/mol, flumazenil is a competitive GABAAR antagonist and is 
used to treat benzodiazepine overdoses. 

 Flumazenil contains a fluorine (Figure 4) that interacts with the α1 subunit and an ethyl ester that 

binds with the γ2 subunit.⁴² Aromatic residues on both the alpha and gamma subunit form the 

benzodiazepine binding site. A phenylalanine, two tyrosines, two serines, and one threonine form half of 

the binding site situated on the alpha subunit, while a phenylalanine, one tyrosine, and one threonine the 

other half located on the gamma subunit. The fluorine on flumazenil hydrogen bonds to a histidine on the 

α1 subunit, a residue conserved through α1-3 and α5 subunits.⁴² GABAARs containing α4 and α6 subunits 

are diazepam insensitive, as these subunits contain arginine residues.⁴²  

1.3 GABAAR Modulation 

1.3.1 The GABA Binding Site  

Agonists 

In addition to endogenous ligands, GABAARs can be activated by synthetic agonists. Derived from 

the psychoactive mushroom Amanita muscarina, muscimol is a conformationally restrained isoxazole that 

behaves similarly to GABA due to similar structure.⁴⁹,⁵⁰ Although its activity is subtype-independent, it has 

been shown to act as an agonist at α4-containing receptors.⁵⁰ 
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Figure 9. Structure of Muscimol and Gaboxadol. Gaboxadol (4,5,6,7-tetrahydroisoxazolo(5,4-c)pyridine-3-ol (THIP)) targets the δ 
subunit of the GABAAR and was derived from muscimol (isoxazole) as a sleep aid but was later discontinued. Muscimol behaves 
similar to GABA due to structure similarity despite its confirmational rigidity. Gaboxadol is believed to belong to a separate class 
of agonists.⁵³  

Gaboxadol, an agonist selective for the δ subunit, was developed from the muscimol structure as 

a sleep aid,⁵⁰ although it was discontinued after showing limited efficacy in addition to adverse side 

effects. ⁵¹,⁵² Termed a “super agonist,” gaboxadol induces twice the response of GABA or muscimol at α4-

containing receptors.⁴⁹ However, both GABA and muscimol binding is increased when diazepam is bound 

to the benzodiazepine site, while gaboxadol binding is unaltered. In addition, gaboxadol is less potent with 

EC50 values over 30 times higher than either GABA or muscimol.⁴⁹ Both of these factors support the notion 

that gaboxadol, despite its structural similarity, belongs to a different class of agonist.⁵³ 

Antagonists 

Gabazine (Figure 6) was first synthesized in 1986 after experiments were performed that 

investigated arylaminopyridazine derivatives of GABA.⁵⁶ It is a GABA binding site antagonist, as its effects 

were shown to be reversed by muscimol²⁸ in addition to mutational studies of the GABA binding site.⁵⁵   

Bicuculline (Figure 10) is an alkaloid that was first characterized in 1970 as the first GABAAR 

selective antagonist.⁵⁶   When the convulsant activities of bicuculline were evaluated, it was shown to 

have limited solubility and stability.⁴⁹, ⁵⁶  Bicuculline salts such as bicuculline methiodide or methochloride 

were generate, although with limited success.⁵⁶  These salts are typically less selective and interact with 

other proteins resulting in cofounding results.⁵⁶  GABAAR subunit composition has little effect on the 

action of bicuculline, however α6-containing receptors are slightly less sensitive.⁵⁷  
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Figure 10. Structure of Bicuculline (Left) and Gabazine (Right). Bicuculine is an alkaloid that was first characterized in 1970 as 
the first GABAAR selective antagonist, while gabazine is a GABA binding site antagonist.⁵⁶ 

Though gabazine and bicuculline have similar mechanisms of action, they interact with different 

residues of the GABA binding site.⁵⁶  In comparison, gabazine is more potent with an IC50 of 0.2 μM 

compared to 0.9 μM for bicuculline.⁵⁵  

1.3.2 The Chloride Channel 

Antagonists 

Isolated from moonseed plants, picrotoxin is a non-competitive antagonist of GABAAR with 

universal efficacy.⁵⁸,⁵⁹ Although shown to be an equal mixture of picrotoxinin and picrotin (Figure 7), 

picrotoxinin is 30 times more potent than picrotin.⁶⁰  It is thought to bind within the chloride pore of 

GABAARs, interacting with a alpha helix bound in the cell membrane.⁵⁸  Mutational studies have shown 

picrotoxin binding in the V257 region of the α1 subunit.⁶¹ Picrotoxin binding within the chloride channel 

is well known. The interactions are hypothesized on structurally similar nicotinic acetylcholine receptors, 

which are homopentameric in contrast to GABAARs which are heteropentameric.⁵⁸   
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Figure 7. Structure of Picrotoxinin and Picrotin. Isolated from moonseed plants, picrotoxin is an equal mixture of picrotoxinin and 
picrotin, however picrotoxinin is 30 times more potent than picrotin.⁶⁰ 

1.3.3 The Benzodiazepine Binding Site 

Positive Allosteric Modulators 

Benzodiazepines were discovered by molecular manipulation of benzheptoxdiazines, a class 

originally investigated for new dyestuffs, which are precursors to many dyes.⁶²  After failing their original 

purpose, benzodiazepines were investigated as tranquilizers. They were yet largely unexplored, were 

varied and easily transformed, and were a readily available compound that had similar structure to other 

biologically active ligands.⁶²  

Interestingly, no positive results were gained after years of trial and error. It was only during a 

final laboratory cleaning that one compound and its salt formation were thought to have been overlooked 

and was sent for biological testing. Results confirmed improved muscle relaxation and anticonvulsant 

activities when compared to chlorpromazine, the current standard drug at the time.⁶² Once approved by 

the FDA, the first benzodiazepine, named Librium, was on the market.⁶² Diazepam (trade name Valium®) 

was introduced three years later. ⁶² As benzodiazepine research soared, the structure-activity relationship 

of benzodiazepines and GABAARs began to unfold. In 1975, clonazepam entered the market closely 

followed by lorazepam in 1977.⁶² Many of these drugs are still in use today, as alprazolam and clonazepam 

were the 23rd and 38th most prescribed drugs in 2018. 
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Knock-in mouse models have recently been developed, with specific residues mutated in α 

subunits,⁶⁴ to perform pharmacological and behavioral studies that link each α subtype to certain 

physiological effects. Anxiolysis and muscle relaxation can be achieved though targeting the α2 or α3 

subunit-containing GABAAR, while avoiding the α1 subunit-containing GABAAR can greatly reduce adverse 

effects such as unwanted amnesia or addiction.⁶⁴ Furthermore, many other clinically relevant effects can 

be achieved and are summarized in Figure 8.  

 

Figure 8. Benzodiazepine Pharmacology of Different Subtypes. Knock-in mouse models show correlation between GABAAR 
subunits and pharmacological effects.⁶⁴    

To achieve subtype-selectivity of novel benzodiazepines, Professor James Cook developed a 

pharmacophore model that guides synthesis towards compounds that selectively bind specific α subunit-

containing GABAARs.⁶⁵  This successful model has generated subtype-selective imidazodiazepines 
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targeting numerous diseases ranging from central nervous system diseases such as depression,⁶⁶ 

schizophrenia,⁶⁷ and neuropathic pain⁶⁸ to pulmonary diseases such as asthma.⁶⁹-⁷² Biological results 

pertaining to novel imidazodiazepines used for asthma and neuropathic pain are discussed in the 

proceeding chapters. 

Negative Allosteric Modulators 

Flumazenil (Error! Reference source not found.) is an imidazodiazepine that antagonizes α1-3 and 

α5-containing GABAARs.  Flumazenil competes for the benzodiazepine binding site and is used to reverse 

benzodiazepine effects, such as diazepam-induced sedation.⁷³  Interestingly, flumazenil can also act as a 

weak partial agonist for α4/6-containing receptors.⁷⁴-⁷⁵ 

First reported as a behavioral alcohol antagonist, Ro15-4513 (Figure 9) is an analog of flumazenil 

that reverses ethanol-enhanced GABAAR currents through α4/6 and δ-containing GABAARs.⁵⁸ Flumazenil 

is not capable of blocking the effects of ethanol, as it is thought the long nitrogen tail of Ro15-4513 blocks 

ethanol binding at the δ subunit, whereas the analogous fluorine on flumazenil does not.⁷⁶ 

N

N

N

O

O

O

N

N+

N-
 

Figure 9. Structure of Ro15-4513. Analogous to flumazenil, Ro15-4513 differentiates with the presence of a long nitrogen tail that 
is able to block ethanol binding at the δ subunit. Flumazenil exhibits a fluorine at this position that is not able to block ethanol 
binding.⁷⁶ 
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1.4 Distribution of GABAAR 

GABAARs have been known to be highly expressed in the brain and meditate inhibitory 

neurotransmission.  More recently, GABAARs have been discovered across peripheral tissues throughout 

the body. Endocrine tissues such as the testes have been shown to express GABAARs  in addition to GAD65 

and GAD67  in mouse, hamster, rat, and human models.⁸⁰ Bone marrow stromal cells have also been shown 

to express receptors with alpha 1, beta 2/3, and epsilon – containing GABAAR subunits when responding 

to induction treatment.⁸⁴ GABAARs are also present on immune cells such as lymphocytes and 

macrophages and in airway smooth muscle,⁸¹-⁸³ providing a target for ligands aimed to treat diseases 

associated with airway hyperresponsiveness.  

 Error! Reference source not found. contains human proteome information from the Human 

Protein Atlas (www.proteinatlas.org), and shows breakdown of protein expression by tissue, cell, 

pathology, and other cellular effects.⁷⁷-⁷⁹ This project combines data from three individual projects: i.) The 

Human Protein Atlas, ii.) through Genotype-Tissue Expression, and iii.) The FANTOM5 project, normalizing 

the expression determined for each of these individual projects, combines it, and expresses it as 

normalized unitless expression of transcribed RNA. The procedure is complex and described at 

https://www.proteinatlas.org/about/assays+annotation.   

Error! Reference source not found. also shows the distribution of alpha subunits throughout various tissue 

types. Expression of alpha subunits in the brain varies widely by region.  For instance, the cerebral cortex 

has three times higher expression of α1-3 and α5 subunits than α4 subunits, and fifty times as high as α6 

expression. However, α6 expression has been found to be highly concentrated in the cerebellum, where 

it has a concentrations ten times higher than any other alpha subunit. In contrast to the brain where 

normalized expression of alpha subunits is quite high (levels around ~96), peripheral tissues have much 

lower GABAAR expression, usually around normalized levels of ~1.  

http://www.proteinatlas.org/
https://www.proteinatlas.org/about/assays+annotation
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ASM has been shown to express GABAARs containing α4 and α5 subunits in mammalian airways,⁸⁵ 

and both α4- and α5-selective GABAAR positive modulators relaxed pre-contracted ASM.⁸⁶-⁸⁸ Even 

GABAARs containing α4 subunits are found in the membrane of various immune cells.⁸⁹-⁹¹ GABA (the 

natural ligand of the GABAAR) and muscimol (a full GABAAR agonist) have also been shown to elicit 

significant lymphocyte membrane currents and GABA decreased phytohemagglutinin-induced T-cell 

proliferation.⁷¹  

        Table 1. Distribution of GABAAR Alpha Subunits in Human Tissues77-79 

    GABAAR Subunit 

  Tissue Type α1 α2 α3 α4 α5 α6 

Brain Olfactory Region 22 31 10.5  15.2 0 
 Cerebral Cortex 58.6 52.6 30.1 16.1 52.6 1.6 
 Hippocampal Formation 10.5 38.9 10.9 1.9 20.9 0 
 Amygdala 8.5 38.5 7.7 2.7 12 0 
 Basal Ganglia 21.9 34.4 15.2 8.9 48.2 0 
 Hypothalamus 8.8 7.7 15.9 1.4 6 0 
 Thalamus 0 7.1 1.1  2 0 
 Midbrain 6.7 3.7 4.7 1 2.3 0 
 Pons and Medulla 7.4 10.5 6.2  1 2.6 
 Cerebellum 35.2 10.4 1.3 0.3 0.1 96.4 
 Corpus Callosum 1.8 4.9 3.3  0.8 0 
 Spinal Cord 1.3 6.9 2.1 0 0.3 0.7 

Lung Lung 1 1 0.7 0 0.8 0 

Endocrine Tissues Thyroid Gland 1 1.1 0.7 0 0.9 0 
 Parathyroid Gland 1 0.9 0.6 0 0.7 0 
 Adrenal Gland 2.6 1.3 0.7 0.1 0.8 0 
 Pituitary Gland 0.1 0.6 0.9 0.2 0.1 0 

Muscle Tissues Heart Muscle 1 1 0.7 4 0.9 0 
 Smooth Muscle 1 1.3 0.8 0 1.4 0 
 Skeletal Muscle 1 1 0.8 0 0.7 0 

Lymphoid Tissues Thymus 0 0 0  1.3 0 
 Appendix 1 1.4 0.6 0.1 0.8 0 
 Spleen 1.1 2.3 0.7 0 0.8 0 
 Lymph Node 1 1.4 0.7 0 0.8 0 
 Tonsil 1.3 1.4 0.9 0 1.1 0 
 Bone Marrow 1 1.2 0.7 0 0.8 0 
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Taken together, the peripheral GABAergic system represents a compelling new drug target for 

asthma in light of its influence on ASM relaxation, inflammatory modulation, and regulation of mucus 

hypersecretion. The well-established class of benzodiazepines can now be tailored to new targets and 

new diseases while maintaining the safety and efficacy of established pharmaceuticals.  The following 

chapters herein aim to support the use of imidazodiazepines to target non-neuronal cell types in diseases 

like asthma and neuropathic pain. 
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CHAPTER 2 

---------- 

Safety Evaluation of MIDD0301  
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2.1 Introduction  

Asthma is an expanding public health challenge with a patient population approaching 10% of the 

global population. Low-dose inhaled corticosteroid (with or without a long-acting β2-agonist) inhalers are 

the most common use of asthma treatment.⁹² However, this disease responds poorly to corticosteroids 

in refractory asthma, prompting increased oral dosing that is linked to increased side effects. 

Furthermore, corticosteroids can be ineffective in steroid-tolerant disease.⁹³ Injectable biologics can 

efficaciously target inflammation in certain subsets of asthma patients, but high costs limit their use in 

only severe disease.⁹⁴¯⁹⁵ In contrast to these therapeutic treatments, MIDD0301 has been developed to 

target GABAAR on airway smooth muscle (ASM) and inflammatory cells, providing a novel asthma drug 

mechanism of action.⁹⁶ 

MIDD0301 is an allosteric GABAAR agonist that has been shown to alleviate multiple symptoms of 

asthma in animal models after oral dosing.⁹⁶ The GABAAR is a membrane chloride ion channel that opens 

in the response to GABA. The receptor is a heteropentamer (comprised of subunits:  α1–6, β1–3, γ1–3, δ, 

ε, π, θ, ρ1-3), and most often takes the form of two alpha, two beta, and one tertiary subunit.⁹⁷ During 

the last decades, the role of GABAARs in the brain has been studied extensively and several drugs targeting 

this receptor are currently available to treat a variety of CNS indications.⁹⁸ 

Recently, GABAAR subunits have been identified in many non-CNS cells (human protein atlas).⁹⁹ 

Importantly, GABAAR alpha subunits have been identified in several cell types associated with asthma such 

as airway epithelia cells, ASM, and airway leukocytes (such as CD4+ T cells, and alveolar 

macrophages).¹⁰⁰¯¹⁰⁴ MIDD0301 was shown to relax constricted ASM and reduce airway 

hyperresponsiveness in an ovalbumin-induced murine model of asthma (MIDD0301 chemical structure 

and properties are summarized in Figure 10).⁹⁶ MIDD0301 has a half-life of almost 4 h in the lung and only 

5% of the circulating amount of MIDD0301 was found in the brain.¹⁰⁵ In sensorimotor studies, no CNS 

effects were observed even up to oral doses of 1000 mg/kg. Importantly, MIDD0301 has excellent anti-
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inflammatory properties leading to the reduction of eosinophil and macrophage numbers in the lungs of 

asthmatic mice.  

 

Figure 10. Structure, physical properties, in vitro activity, and safety pharmacology of MIDD0301.⁹⁶  

A change of CD4+ T cell transmembrane current was observed in the presence of MIDD0301 (EC50 

= 17 nM) and 20 mg/kg MIDD0301 (PO) was sufficient to reduce CD4+ T cell numbers in the asthmatic 

mouse lung. Furthermore, reduction of specific pro-inflammatory cytokines, such as IL-17, IL-4, and TNFα, 

was observed in MIDD0301-treated asthmatic mice, confirming the immunoregulatory properties of 

MIDD0301. 

International regulatory bodies require that investigational new drugs be evaluated for the 

potential to induce immunosuppression (e.g., FDA Guidance, Oct. 2002 and ICH Expert Working Group 

advises to carry out immunotoxicity studies in agreement with the European Union, Japan and US 

regulatations).¹⁰⁶ These studies are especially important for investigational drugs that are designed to 

reduce immune responsiveness or suspected to have immune suppression as a side effect. Importantly, 

these experiments are the first systematic evaluation of a drug specifically targeting the GABAAR on 

immune cells, showing that therapeutically relevant anti-inflammatory activity can be achieved without 

off-target systemic immune suppression. Here, in addition to anatomical and histological measures, we 



18 
 

followed ICH S8 guidelines to investigate systemic immune suppressive effects of MIDD0301 by 

quantifying T-cell dependent humoral immune responses to dinitrophenol (DNP) following immunization 

with dinitrophenyl-keyhole limpet hemocyanin (DNP-KLH).¹⁰⁷ Safety of MIDD0301 was initially shown by 

administering twice daily doses of up to 100 mg/kg in mice. No adverse effects were observed during five 

days of this treatment.⁹⁶ Here we report the pharmacological effects of MIDD0301 following 28-day 

repeat dosing with 100 mg/kg MIDD0301 twice daily. Numerous anatomic, hematologic, and immunologic 

measures were evaluated in male and female mice to uncover any immune-related toxicities.    

 

2.2 Methods  

2.2.1 Materials 

Chemicals. MIDD0301 was synthesized using a published procedure.¹⁰⁹ Purity was of >98% as determined 

by HPLC. Identity was determined by 1H-NMR, 13C-NMR, and high-resolution mass spectrometry. 

Prednisone (>98% purity) was purchased from Sigma (P6254-1g). Skippy creamy peanut butter was used 

as vehicle for oral dosing.     

Experimental animals. Eight- and six-week-old Swiss Webster male and female mice (Charles River 

Laboratory) were housed under specific pathogen-free conditions, under standard conditions of humidity, 

temperature, and a controlled 12 h light and dark cycle and ad libitum access to food and water. All animal 

experiments were in compliance with the University of Wisconsin−Milwaukee Institutional Animal Care 

and Use Committee (IACUC). 

MIDD0301 and prednisone formulation and administration. Oral gavage: 0.2 ml of MIDD0301 in a 2% 

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

(Sigma-Aldrich, St. Louis, MO) was administered by oral gavage with 20G gavage needles (Kent Scientific 

Corporation, Torrington CT) to a group of mice twice a day for 7 days. Oral administration: MIDD0301 was 

formulated in 100 mg of peanut butter at a dose of 100 mg/kg. Twice a day, mice were taken from their 
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cages and put in separate boxes that contained 100 mg of peanut butter or 100 mg of compound 

formulated peanut butter. The animals were left in the container during the feeding and returned 30 min 

later to their group cage. During that time all the peanut butter was consumed.  

Immunogen preparation and administration: A 1 mg/ml DNP-KLH aqueous solution was prepared from 

solid DNP-KLH (Sigma, 324121-100 mg) and 7.5 ml of that solution added to 7.5 ml of a 40 mg/ml Al(OH)3 

suspension (Thermo, Imject Alum 77161). 100 μl of this solution (50 μg DNP-KLH and 2 mg Al(OH)3) was 

injected IP on days 1 and 21 for immunization.  

Necropsy. Mice were euthanized by carbon dioxide asphyxiation followed by cervical dislocation and 

blood withdrawn by cardiac puncture. Half of the blood was combined with EDTA for blood cell and 

platelet analysis. The other half was coagulated at room temperature and centrifuged for 10 min at 2,000 

rpm for DNP specific IgG ELISA. After gross pathology, spleen and thymus were removed and fixed in 10% 

neutral buffered formalin overnight at 4°C, followed by three washes with water, and storage in 70% 

ethanol before sectioning. The small intestine was excised and rinsed with water using a syringe with a 

blunt needle. The clean intestine was washed with 7% (vol/vol) acetic acid/PBS solution and lumen rinsed 

using a syringe with a blunt needle. After 5 min, the Peyer’s patches turned white and were readily 

counted by visual examination.  

Hematology: EDTA-treated blood samples were analyzed with scil Vet ABCTM Hematology Analyzer 

providing data on 13 hematology parameters. 

Histology: General histology processing was performed by the Wisconsin Children’s Research Institute 

including drying, embedding, slicing, and H&E staining. Representative sections were visualized by light 

microscopy at the indicated magnification.  

Quantification of DNP IgG. DNP IgG was quantified by ELISA using DNP coated wells (Kamiya Biomedical 

Company #KT-672). Serum from non-immunized mice was diluted 1:10,000 and DNP-KLH-immunized 

mouse blood was diluted 1:100,000. The assay was performed following the manufacturer’s instructions.  
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2.3 Results 

Previous oral dosing of MIDD0301 in mice for pharmacodynamic studies was carried out by oral 

gavage using 2% hydroxypropyl methylcellulose and 2.5 % polyethylene glycol.⁹⁶ During studies of five-

day duration, no significant average animal weight changes were observed. It was still necessary to 

perform a pilot study wherein a small group of mice were gavaged twice a day for seven days with vehicle 

to determine if this route would be suitable for longer-term studies. The study concluded that mice 

receiving vehicle gavage twice a day lost weight (28.2 ± 2.3 g) during the seven-day trial in comparison to 

non-treated animals (29.1 ± 2.3 g). Oral gavage is a preferred and precise route of administration, 

however, it has been reported that even when carried out by experienced personnel, respiratory 

complications, stomach distension, and inflammation due to small lacerations of the esophagus occur.¹¹¹ 

Furthermore, it has been shown that over time gavaged mice will show impaired weight gain due to 

reduced food intake.¹¹² Handling and restraining of animals during feeding further induces stress, which 

has been associated with decrease food intake.¹¹³ 

Based on these factors, we chose an oral administration protocol previously reported where 

glucose jelly was used to deliver the anti-obesity drug Rimonabant.¹¹⁴ However, we decided to use peanut 

butter for better uniformity of the formulation. To initiate the study, two groups of mice were trained to 

consume 100 mg of peanut butter twice a day for one week. To ensure precise administration of peanut 

butter or peanut butter with 100 mg/kg MIDD0301 formulation, each mouse was placed individually in a 

small feeding container with 200 ± 20mg of peanut butter or peanut butter formulation. Mice were 

returned to group housing cages after consumption. A third group of mice was not treated nor placed into 

feeding containers. The body weights of mice over the course of the study are shown in Figure 11.  
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Figure 11. Average mouse body weights over the 28-day study. In separate feeding containers, Swiss Webster male and female 
mice (8 weeks of age) consumed peanut butter or peanut butter + 100 mg/kg MIDD0301 twice a day. Mice in the “no treatment” 
group were not moved into feeding containers. Animals were weighed every week (mean ± SEM, n = 5). 2-way ANOVA was used 
for statistical analysis and indicated as * = p < 0.05 and ** = p < 0.01. 

The average starting weight of the 8-week-old female Swiss Webster mice was lower than the 

corresponding male group. Throughout the study, the average weights of MIDD0301-treated adult female 

and male mice were not significantly different from the peanut butter-only treated group. Interestingly, 

at day 21 both male and female mice receiving peanut butter (with or without MIDD0301) had average 

weights less than untreated control mice. However, all groups exhibited similar weights at the end of the 

study (28 days). The average Swiss Webster female weight after 12 weeks was 26 ± 2 grams and 35 ± 2 

grams for males, which is in agreement with the average expected weight for this mouse strain.¹¹⁵ No such 

differences or abnormalities were observed in any group during weight measurements, gastrointestinal 

distress, grooming behavior, and movement. 

To determine the effect of MIDD0301 on systemic immune function, female and male 6-week-old 

Swiss Webster mice were immunized with 50 μg DNP-KLH in alum on days one and 21. Consumption of 

peanut butter formulated MIDD0301 (100 mg/kg, twice a day), peanut butter + prednisone (5 mg/kg/day), 

or peanut butter alone was carried out for 28 consecutive days. During that period, mice were weighted 

on days 14 and 28 (Figure 12). 
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Figure 12. Effect of DNP-KLH immunization on average body weight. In separate feeding containers, Swiss Webster female and 
male mice (6 weeks of age at the beginning of the study) consumed peanut butter, peanut butter + MIDD0301 (100 mg/kg, twice 
a day), or peanut butter + prednisone (5 mg/kg/day). Three groups were immunized with DNP-KLH on days 1 and 21. Animals 
were weighed on days (14) and (28). Data are expressed as mean ± SEM, n = 5. ANOVA was used for statistical analysis, *** = P < 
0.001. 

As expected, the average weight of female mice increased for the non-immunized and DNP-KLH 

immunized control groups over the course of four weeks. No significant changes were observed between 

these two groups. Additionally, no significant changes were observed for the MIDD0301 (100 mg/kg, twice 

a day) and prednisone (5 mg/day) treated female mice in comparison to their corresponding peanut 

butter only control group. Consistent with the results for female mice, DNP-KLH immunization did not 

cause significant weight changes in male mice over the study duration, in comparison to the non-

immunized mice. The average weight of male mice administered MIDD0301 (100 mg/kg, twice a day) was 

similar to the peanut butter only control group. However, DNP-KLH immunized male mice treated with 

prednisone (5 mg/kg/day) had significantly reduced average weight at the 28-day time point, in 

comparison to peanut butter only treated DNP-KLH immunized male mice.  
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Lymphoid organs and tissues, including thymus, spleen, and Peyer’s patches were evaluated in all 

mouse groups after the 28-day MIDD0301 or prednisone treatment regimens. The results are presented 

in Figure 13.  

 

Figure 13. Evaluation of lymphoid organs and Peyer’s patches in DNP-KLH immunized Swiss Webster mice after 28 days of 
treatment. Mice were 6 weeks old at the beginning of the study. A-C) Female Swiss Webster mice consumed peanut butter, peanut 
butter + MIDD0301 (100 mg/kg, twice a day) or peanut butter + prednisone (5 mg/kg/day). D-F) Corresponding groups of male 
Swiss Webster mice were treated in the same fashion. After 28 days, organs were harvested and weighted and intestines dissected 
for Peyer’s patch counting. Data are expressed as mean ± SEM, n = 5. ANOVA was used for statistical analysis: * = p < 0.05; ** = 
p < 0.01, and *** = p < 0.001. 
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No significant differences were observed for spleen and thymus weights or Peyer’s patch numbers 

between peanut butter fed DNP-KLH immunized and non-immunized animals (Figure 13, A-F). Spleen and 

thymus from DNP-KLH immunized MIDD0301 treated male and female mice had weights similar to 

corresponding DNP-KLH immunized mice given peanut butter alone. However, both male and female mice 

treated with 5 mg/kg/day prednisone had significantly smaller spleen and thymus weights in comparison 

to peanut butter only treated DNP-KLH immunized mice. The numbers of Peyer’s patches were unchanged 

in all groups. Lymphoid organs were further evaluated for gross histological alterations by H&E staining. 

The images are shown in Figure 14.  

 

Figure 14. H&E stained sections of mouse spleens (A-H, 40x) and thymus (I-P, 100x). A&I) male mice, peanut butter, B&J) female 
mice, peanut butter, C&K) male DNP-KLH-immunized mice, peanut butter, D&L) female DNP-KLH-immunized mice, peanut butter, 
E&M) male DNP-KLH-immunized mice, peanut butter + MIDD0301 (100 mg/kg) twice a day for 28 days, F&N) female DNP-KLH-
immunized mice, peanut butter + MIDD0301 (100 mg/kg) twice a day for 28 days. G&O) male DNP-KLH-immunized mice, peanut 
butter + prednisone 5 mg/kg/day for 28 days, H&P) female DNP-KLH-immunized mice, peanut butter + prednisone 5 mg/kg/day 
for 28 days. 
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H&E stained spleen sections reveal typical histological presence of white (lymphoid follicles) and 

red pulp in all mouse groups. The cellular arrangements of follicles show no remarkable differences among 

the groups, except for the prednisone-treated animals (Figure 14, G and H) that exhibited smaller and less 

uniform follicle size. Similar splenic changes have been reported in patients taking corticosteroids over a 

long period of time.¹¹⁶ H&E staining also highlighted the lymphocyte-rich white pulp, with well-defined 

features of centrally located germinal centers and the surrounding marginal zone for all spleen sections. 

The thymus histology of all groups appeared unchanged following treatment. The medulla and cortex 

regions were well defined in all groups and the thymus cell density appeared unchanged in all groups. 

Overall, no significant changes in the spleen and thymus histology were observed after repeated 

MIDD0301 treatment. However, prednisone-treated animals did exhibit some alteration in spleen 

histology. 

Blood was collected from mice after the 28-day treatment regime for hematologic evaluation. The 

evaluation is summarized in Table 2.  

Mouse (Male) Peanut buttera Peanut butterb MIDD0301b Prednisone b 

  DNP-KLH-immunization 
cWBC x103 (mm3) 6.4 ± 0.7 6.2 ± 0.5 6.1 ± 0.7 5.8 ± 0.7 
dRBC x106 (mm3) 8.7 ± 0.2 8.1 ± 0.1 8.3 ± 0.2 8.0 ± 0.1 
eHGB (g/dl) 14.9 ± 0.2 14.7 ± 0.2 15.1 ± 0.3 15.4 ± 0.2 
fHCT (%) 45.1 ± 0.8 41.9 ± 0.3 43.3 ± 1.2 42.8 ± 0.3 
gMCV (μm3) 52.0 ± 0.8 51.8 ± 0.8 51.8 ± 0.4 53.4 ± 0.9 
hMCH (pg) 17.2 ± 0.3 18.2 ± 0.4 18.2 ± 0.2 19.3 ± 0.3 
iMCHC (g/dl) 33.1 ± 0.2 35.1 ± 0.4 35.0 ± 0.3 36.1 ± 0.2 
kRDW (%) 15.0 ± 0.3 15.0 ± 0.4 15.0 ± 0.2 15.7 ± 0.7 
lPLT x103 (mm3) 986 ± 67 880 ± 40 903 ± 37 944 ± 27 
mMPV (μm3) 5.4 ± 0.1 5.3 ± 0.1 5.3 ± 0.1 5.4 ± 0.1 
nDIFF (%)     
oLYM 55.0 ± 2.0 44.0 ± 2.9 50.0 ± 0.7 36.6 ± 2.4 
pMON 10.5 ± 0.5 9.9 ± 0.3 9.4 ± 0.2 11.3 ± 0.3 
qGRA 34.5 ± 2.1 46.1 ± 2.8 40.6 ± 0.7 52.1 ± 2.5 

Mouse (Female) Peanut buttera Peanut butterb MIDD0301b Prednisone b 

  DNP-KLH-immunization 
cWBC x103 (mm3) 6.1 ± 0.2 6.5 ± 0.6 5.4 ± 0.7 7.4 ± 0.9 
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dRBC x106 (mm3) 8.4 ± 0.1 7.5 ± 0.2 8.0 ± 0.1 7.8 ± 0.1 
eHGB (g/dl) 14.6 ± 0.3 14.4 ± 0.2 14.2 ± 0.1 15.0 ± 0.2 
fHCT (%) 43.4 ± 0.9 39.7 ± 0.8 41.6 ± 0.3 41.1 ± 0.5 
gMCV (μm3) 51.8 ± 0.6 53.4 ± 0.9 52.5 ± 0.9 52.6 ± 0.9 
hMCH (pg) 17.3 ± 0.2 19.4 ± 0.6 18.3 ± 0.3 19.2 ± 0.4 
iMCHC (g/dl) 33.6 ± 0.3 36.4 ± 0.6 35.0 ± 0.3 36.6 ± 0.4 
kRDW (%) 14.5 ± 0.2 14.9 ± 0.3 15.2 ± 0.1 15.0 ± 0.4 
lPLT x103 (mm3) 840 ± 54 781 ± 39 789 ± 29 837 ± 39 
mMPV (μm3) 5.4 ± 0.1 5.5 ± 0.2 5.2 ± 0.1 5.3 ± 0.1 
nDIFF (%)     
oLYM 53.8 ± 3.1 47.2 ± 1.4 54.7 ± 2.5 40.4 ± 1.9  
pMON 10.8 ± 0.3 11.1 ± 0.7 11.0 ± 0.5  10.0 ± 0.7  
qGRA 35.4 ± 3.4 41.7 ± 1.4 34.3 ± 2.6 49.6 ± 2.6  

Table 2. Hematology parameters for non-immunized and DNP-KLH-immunized Swiss Webster mice after indicated treatment 
for 28 days. The data are expressed as mean ± SEM, n = 5.   aNon-immunized male and female Swiss Webster mice consumed 
peanut butter (100 mg/day, twice a day); bDNP-KLH immunized male and female Swiss Webster mice consumed peanut butter; 
peanut butter + 100 mg/kg MIDD0301 twice a day, or peanut butter + 5 mg/kg/day prednisone; cwhite blood cells; dred blood 
cells; ehemoglobin; fhematocrit; gmean corpuscular  volume; hmean cell hemoglobin; imean cell hemoglobin concentration; kred 
cell distribution width; lplatelets; mmean platelet volume; ndifferential white blood cell count; olymphocytes; pmonocytes; 
qgranulocytes; The data is expressed as mean ± SEM, n = 5. ANOVA was used for statistical analysis. 

Overall, no significant differences in hematology parameters were found among the four different 

treatment groups as determined by ANOVA analysis. However, differential lymphocyte values trended 

lower in the prednisone-treated male and female groups, whereas the differential granulocytes were the 

highest in these groups. An elevation of granulocytes is consistent with corticosteroid use in humans 

where granulocyte (particularly neutrophil) levels are known to increase.¹¹⁷ Most importantly, male and 

female mice treated with MIDD0301 exhibited differential white blood cells counts similar to the control 

groups, which are in accord with previously reported hematology ranges for adult Swiss Webster mice.¹¹⁸  

Three groups of female and male mice were immunized with DNP-KLH on days one and 21 of this 

study. To investigate the effect of MIDD0301 on a T-dependent humoral immune response, serum DNP 

IgG was measured by ELISA for all mice at day 28 (Figure 15). 
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Figure 15. Quantification of mouse serum DNP IgG. Swiss Webster male and female mice consumed peanut butter, peanut 
butter + MIDD0301 (100 mg/kg, twice a day), or peanut butter + prednisone (5 mg/kg/day). DNP-KLH immunization occurred 
on days 1 and 21 and DNP-specific IgG was quantified on day 28. Data are expressed as mean ± SEM, n = 5. ANOVA analysis was 
used for statistical analysis. ** = P < 0.01. 

As expected, DNP-KLH immunization significantly increased DNP-specific IgG in female and male 

mice (Figure 15). IgG levels were similar for all DNP-KLH-immunized mice, regardless of treatment. This 

confirmed repeat MIDD0301 dosing at 100 mg/kg twice a day did not impair systemic immune function 

as measured by a secondary antibody response to a classic T-dependent antigen.  

2.4 Discussion 

Immunotoxicity evaluations are a crucial part of preclinical studies for drug candidates before 

entering human trials. MIDD0301 is a small molecule that is effective in reducing airway constriction and 

airway inflammation  and was first developed for the oral treatment of asthma. In an ovalbumin-induced 

murine model of asthma, administration of MIDD0301 was able to reduce the number of bronchoalveolar 

leukocytes, including eosinophils, macrophages, and CD4+ T cells.⁹⁶ The mode of action of MIDD0301 is 

novel, targeting GABAARs of leukocytes and ASM. It has been shown that both resting and activated T cells 

express different subtypes of GABAARs;¹²⁰ thus selective GABAAR targeting therapeutics can be anti-

inflammatory without inducing general suppression of the immune system.  
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MIDD0301 modulates the transmembrane potential of T-cells, which may directly or indirectly 

reduce the release of intercellular calcium, as shown in presence of GABAAR ligand XHE-III-74 acid.¹²¹ In 

turn, calcium homeostasis mediates the immune response of T cells.¹²² To further understand the 

influence of MIDD0301 on systemic immunity, high doses of MIDD0301 (100 mg/kg) were administrated 

orally twice daily. Differential white cell counts demonstrated no changes in the number and ratio of 

lymphocytes, monocytes, and granulocytes in the blood of MIDD0301 treated compared to vehicle 

treated animals. Furthermore, lymphoid organs (spleen and thymus) and Peyer’s patches were unchanged 

by treatment as determined by organ weight and histology. This is significant, as oral dosing of other anti-

inflammatory agents like dexamethasone are known to induce severe apoptosis of intestinal lymphatic 

tissue and reduce the numbers of Peyer’s patches.¹²³ These results are consistent with our observations, 

where prednisone treatment caused reduced spleen and thymus mass in both female and male mice. 

Female and male mice were immunized with DNP-KLH to determine if MIDD0301 caused systemic 

immune suppression. DNP-specific antibody quantification showed that oral dosing of MIDD0301 twice 

daily for 28 days did not diminish this T-dependent response.  

Taken together, we have demonstrated that MIDD0301 induces no adverse immunotoxicological 

effects in mice at 100 mg/kg twice a day over a period of 28 days. The production of specific antibodies 

following DNP-KLH immunization was not diminished by MIDD0301, although in an ovalbumin-induced 

model of asthma, MIDD0301 reduced the number of lung leukocytes.⁹⁶ Accordingly, MIDD0301 acts as an 

anti-inflammatory agent that selectively reduces inflammation in the lung without compromising systemic 

immune function. Finally, these studies show that MIDD0301 is a safer alternative to prednisone, where 

5 mg/kg/day prednisone (2.5% of the MIDD0301 dose) for 28 days in mice reduced spleen and thymus 

masses, altered spleen morphology, and reduced animal weight.  
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2.5 Conclusion 

The study design employed oral administration of mice twice daily throughout the study period 

with 100 mg/kg MIDD0301 mixed in peanut butter. Compound dosing did not reveal signs of general 

toxicity as determined by animal weight, organ weight, or hematology. Peanut butter plus test drug (in 

addition to ad libitum standard rodent chow) did not affect weight gain in the adult mice, in contrast to 

weight loss in 5 mg/kg prednisone-treated mice. Spleen and thymus weights were unchanged in 

MIDD0301-treated mice, but prednisone significantly reduced the weight of those organs over the 28-day 

dosing. Similarly, no differences in spleen or thymus histology were observed following MIDD0301 

treatment, but prednisone treatment induced morphological changes in the spleen. The number of small 

intestine Peyer’s patches was not affected by MIDD0301 treatment, an important factor for orally 

administered drugs. Circulating lymphocyte, monocyte, and granulocyte numbers were unchanged in the 

MIDD0301-treated animals, whereas differential lymphocyte numbers were reduced in prednisone-

treated animals. MIDD0301 treatment did not alter IgG antibody responses to dinitrophenol (DNP) 

following dinitrophenyl-keyhole limpet hemocyanin immunization, indicating that systemic humoral 

immune function was not affected. Taken together, these studies show that repeated daily administration 

of MIDD0301 is safe and not associated with adverse immunotoxicological effects in mice.    
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CHAPTER 3 

---------- 

Sensorimotor Investigations of New  

Drug Candidates  
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3.1 Rotarod Test Background  

The most commonly prescribed class of drugs for the treatment of insomnia and anxiety are 

benzodiazepines.¹²⁴ Although they exhibit high efficacy, there are often unwanted effects that include but 

are not limited to: anxiety, smooth muscle relaxation, sedation, impaired motor coordination, seizures, 

and tolerance.¹²⁹⁻¹³¹ Despite the development of compounds that strictly target GABAₐR subtypes that do 

not mediate these unwanted effects, it is still necessary to demonstrate this in vivo.¹²⁵  

The first scientists to investigate sensorimotor coordination and impairment using a rotarod 

device were N.W. Dunham and T.S. Miya in 1957.¹²⁶ Although quite rudimentary to the rotarod 

apparatuses of today, the function still remains as an initial screening assay to understand the 

pharmacological effect of a drug as it pertains to sensorimotor coordination. Mice are placed on a rod 

that can be set to specific acceleration and velocity, and time is recorded until they fall or the end of the 

experiment is reached. Depending on the breed, strain, and sex of the mice, training for an appropriate 

acceleration and velocity are determined prior to experimentation to avoid unnecessary physical activity 

that may contribute to false positives yet ensuring that affected mice will still fail the experiment.¹²⁷ The 

rod is placed at a height that dissuades mice from jumping off, yet avoids injury when they fall. This test 

gives insight to possible impaired neurological function, and is widely used to investigate drugs for the 

aforementioned unwanted effects.¹²⁶ 

3.2 Instrumentation  

The rotarod apparatus used to determine sensorimotor effects is the AccuRotor 4-Channel 

RotaRod (Omnitech Electronics, Inc., Columbus, OH). Velocity, acceleration, direction, and time are 

controlled appropriately depending on the breed, strain, and sex of mice. The bottom of each well 
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contains a touch-activated sensor that records the time when a mouse falls off the rod.¹²⁸ The RotaRod 

apparatus is shown in Figure 16 below. 

 

Figure 16. Mice performing on the RotaRod apparatus. Each mouse has an individual compartment that contains a rotating rod 
roughly 20 cm above a touch-sensitive pad that will mark the time when a mouse falls off the rod. The height and size of the 
rotating rod dissuade mice from falling off the rod, yet avoid injury when they do fall. 

3.3 Protocol 

3.3.1 Experimental  

Six-week-old female Swiss Webster (CFW) mice were purchased from The Jackson Laboratory and 

allowed one week acclimation upon arrival. Mice were then trained to balance on the RotaRod apparatus 

for three minutes at a velocity between 15-18 rpm. Acceleration from initial velocity to maintained 

velocity was set at 15 sec. Training was complete once mice were able to remain on the rotating rod for 
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the full three minutes without a failure. A failure was defined as a mouse falling twice within the three-

minute time period, as it was common for a mouse to fall once. To avoid false positives, it was established 

that a mouse falling twice was indicative of impaired sensorimotor coordination and the time of the failure 

recorded. Mice are simply placed back on the rotating rod after the first fall. Training typically took two 

to three weeks before mice were suitable for compound testing. 

Compounds were delivered to trained mice via intraperitoneal (IP), subcutaneous (SC), or oral 

gavage (PO) administration. Volumes varied from 50 µl to 250 µl depending on compound solubility. IP 

and SC vehicle consisted of 10% DMSO (Fisher Scientific, D128-500), 40% propylene glycol (Spectrum, 

P1440), and 50% PBS (Hyclone, SH30256.01). Poor aqueous solubility was often an issue, so compounds 

were first dissolved in DMSO prior to propylene glycol and PBS addition. PO vehicle consisted of 2% 

polyethylene glycol and prepared 2.5% hydroxypropylmethyl cellulose (HPMC) solution. Compounds were 

first dissolved in polyethylene glycol with mortar and pestle, with addition of heat required for less soluble 

compounds. HPMC was then added and mixed to appropriate volume and concentration. All 

administrations used 1 ml syringes (BD, 309626), however 25G needles were used for IP and SC injections, 

while a blunt oral gavage needle was used for PO administration. 

Mice were placed on the rod at 10, 30, and 60 min following compound delivery. The time of the 

second fall (a failure) was recorded if it occurred prior to 3 min. Data were graphed using GraphPad Prism 

5.0. A Two-Way ANOVA comparing group means with Bonferroni Correlation was performed to express 

data as mean ± SEM (N = 10). ∗(p<.05), ∗∗ (p<.01), or ∗∗∗ (p <0.001) significance was compared to vehicle-

treated mice.   
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3.3.2 Results 

Vehicle treated mice were used as negative control, with no observable sedation or motor 

coordination impairment on the rotarod regardless of type of administration. 5 mg/kg diazepam (IP) was 

typically used as positive control, as it induced severe motor impairment at 10 min, moderate impairment 

at the 30 min, and little to no impairment at the 60 min. All compounds of interest were delivered at 40 

mg/kg via oral gavage (PO) unless otherwise noted. 

All rotarod studies are graphed with statistics and reported in Appendix RotaRod Graphs. The 

majority of all compounds passed the rotarod test without demonstrating motor impairment or sedation 

in mouse models. These compounds were then subject to further in vivo and in vitro testing. Compounds 

(Figure 17) that demonstrated significant motor impairment or sedation compared to negative control 

vehicle and/or positive control diazepam-treated mice are reported in Table 3. 
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Table 3. Asthma and Pain Compounds Demonstrating Significant Motor Impairment Compared to Vehicle and Diazepam. 
Trained female CFW mice (N≥10) were placed on the RotaRod at 10, 30, and 60 min after compound administration. Compounds 
near the top of the table were shown to have significantly better motor coordination compared to 5 mg/kg diazepam IP, while 
compounds near the bottom of the table had significantly worse motor coordination compared to 5 mg/kg diazepam IP. 

Key

ns No Significance

N/A Not Available

PO Oral Admin.

IP Intraperitoneal Admin.

* Significantly Higher

* Significantly Lower

Compound Dose Significance vs. Vehicle (+ Control) Significance vs. 5mg/kg IP Diazepam (- Control)

10min 30min 60min 120min 240min 10min 30min 60min 120min 240min

RJ-II-68 40mg/kg PO *** ns ns N/A N/A ns ** ns N/A N/A

MRS-II-57 40mg/kg PO ** ns ns N/A N/A *** ns ns N/A N/A

MRS-I-64 40mg/kg PO *** ns ns N/A N/A ns ** ns N/A N/A

KRM-II-81 100mg/kg PO * ns ns N/A *** ns * ns N/A ***

KRM-II-82 100mg/kg PO * * ** N/A ns ns ns ns N/A ns

KRM-II-68 40mg/kg PO *** *** *** N/A N/A ns *** *** N/A N/A

RJ-II-70 40mg/kg PO *** *** ns N/A N/A ns ns ns N/A N/A

RJ-II-71 40mg/kg PO *** ns ns N/A N/A ns ns ns N/A N/A

8a 40mg/kg PO *** ** ns N/A N/A ns ns ns N/A N/A

8b 40mg/kg PO *** *** ns N/A N/A ns ns ns N/A N/A

FR-I-44 80mg/kg PO *** *** * N/A N/A ns ns ns N/A N/A

GL-I-43 40mg/kg PO *** *** ns N/A N/A * ns ns N/A N/A

RV-II-04 40mg/kg PO *** *** *** N/A N/A * ns ** N/A N/A

MP-III-23 40mg/kg PO *** ** ns N/A N/A ns ns ns N/A N/A

KPP-IV-09 100mg/kg PO * ns ns ns ns ns ns ns ns ns

KPP-III-96B 100mg/kg PO * * * N/A * ns ns ns N/A ns

KRM-II-08 10mg/kg IP *** *** *** N/A N/A * *** *** N/A N/A

TA-I-12 10mg/kg IP *** *** *** N/A N/A ** ** ** N/A N/A

TA-I-16 10mg/kg IP *** *** *** N/A N/A ** ** ** N/A N/A
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Figure 17. Structures of Asthma and Pain Compounds Demonstrating Significant Motor Impairment. Asthma compounds RJ-02-
68, MRS-02-57, MRS-01-64, RJ-02-70, and RJ-02-71 were found to cause motor impairment. Remaining compounds were designed 
to treat neuropathic pain and were also found to cause motor impairment.  
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Figure 17 shows the structures of asthma compounds RJ-02-68, MRS-02-57, MRS-01-64, RJ-02-

70, and RJ-02-71 along with other pain compounds that demonstrate significant sedation or motor 

impairment shown in Table 3. 

Figure 18. RotaRod Testing of Lead Asthma Drug Candidate MIDD0301. Trained female CFW mice (N≥10) were placed on the 
RotaRod at 10, 30, and 60 min after compound administration. The rotarod was set at a constant rate of 18 rpm. Compounds 
were administered and compared to vehicle as negative control and diazepam as positive control. 

Lead compound MIDD0301 was shown to have no impaired motor coordination up to 40 mg/kg 

PO on the rotarod test. Figure 18 was an important initial test amongst others confirming MIDD0301 to 

be a promising drug candidate. 
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Rotarod Testing of PI320 in Female CFW Mice
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Figure 19. RotaRod Testing of MIDD0301 Analog PI320. Trained female CFW mice (N≥10) were placed on the RotaRod at 10, 30, 
and 60 min after compound administration. The rotarod was set at a constant rate of 18 rpm. Compounds were administered and 
compared to vehicle as negative control and diazepam as positive control. 

PI320 was analyzed on the rotarod apparatus under similar conditions as MIDD0301 and is shown 

in Figure 19. PI320 has no impaired motor coordination up to 40 mg/kg PO on the rotarod test.  
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Figure 20. RotaRod Data Single Dose and Co-administration of Diazepam and Flumazenil. Trained female CFW mice (N≥10) were 
placed on the RotaRod at 10, 30, and 60 min after diazepam administration, which corresponds to 30, 50, and 80 min after 
flumazenil administration. The rotarod was set at a constant rate of 18 rpm. Compounds were administered and compared to 
vehicle as negative control and diazepam as positive control. 

Investigating sensorimotor effects of diazepam (positive allosteric GABAₐR modulator) and 

flumazenil (allosteric GABAₐR antagonist) on the rotarod apparatus showed diazepam causing sedation 

and impaired motor coordination at 5 mg/kg (IP), while flumazenil showed no sedation or impaired motor 

coordination at 10 mg/kg (PO) Figure 20. We further observed no sedation or impaired motor 

coordination for the co-administration of diazepam 5 mg/kg (IP) and flumazenil 30 mg/kg (PO). Flumazenil 

(PO) was delivered 20 min prior to diazepam (IP) to match the Tmax value of each compound. When 

delivered at concentrations greater than 30 mg/kg, flumazenil antagonized the sedative and impaired 

motor function normally observed with 5 mg/kg (IP) diazepam administration. 
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Figure 21. 5-Day RotaRod Experiment of Single Dose and Co-administration of Diazepam and XHE-III-74 EE Before and After 
Allopregnanolone Treatment. Trained female CFW mice (N≥10) were placed on the RotaRod at 10, 30, and 60 min after compound 
administration. The rotarod was set at a constant rate of 18 rpm. Compounds were administered and compared to vehicle as 
negative control and diazepam as positive control. 

Figure 21 conveys a repeat dose study of allopregnanolone (ALLO) at 30 mg/kg (SC) for four days 

where mice showed significantly less sedation/motor impairment on days three and four compared to 

days one and two. No sedation/motor impairment was present on the last day of ALLO administration. 

After four days of ALLO administration, diazepam was administered on day five and showed significantly 

less sedation/motor impairment compared to the initial diazepam administration given as positive 

control. XHE-III-74EE, a compound known to target the ɑ4 subunit and impair motor coordination once 

passing through the blood-brain-barrier (BBB), was administered on day six of the study. No motor 

impairment was observed. Repeat dosing of ALLO was shown to develop tolerance in female Swiss 

Webster mice to motor impairment not only for ALLO, but also for diazepam and XHE-III-74EE. 
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3.3.3 Discussion 

The protocol implemented was able to screen compounds and identify the level of motor 

impairment or sedation in compound-treated mice across several time points. Compounds near the top 

of Table 3 such as RJ-II-68, MRS-II-57, MRS-I-64, KRM-II-81, KRM-II-68, and GL-I-43 treated-mice were 

shown to cause significantly lower time spent on the rotarod compared to vehicle-treated mice, yet still 

demonstrated significantly less motor impairment when compared to diazepam-treated mice. 

Compounds near the bottom of Table 3 such as RV-II-04, KRM-II-08, TA-I-12, and TA-I-16 were shown to 

have significantly higher motor impairment compared to both vehicle-treated and diazepam-treated 

mice. These compounds were no longer investigated for potential therapeutic effect due to such negative 

CNS effects and motor impairment. 

Compounds causing motor impairment were then screened for common functional groups to 

investigate possible structure-activity relationships. Functional groups of potential asthma compounds at 

the R1 position (Structure A) that were amides showed the most motor impairment, followed by esters 

and thioesters. Compound with a carboxylic acid group showed no sedation or motor impairment in any 

compound tested. At the R2 position (Structure A), all compounds that demonstrated motor impairment 

had either methoxy or deuterated-methoxy groups. However, compounds that contained a hydroxyl or 

bromine group at the R2 position did not show motor impairment or sedation.  
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Compounds developed to treat pain from Figure 17 are represented in Structure B. Of the 11 

compounds containing an oxazole at the 3-position, five were shown to cause significant motor 
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impairment. However, none of the 23 compounds tested that contain an oxadiazole at the 3-position were 

shown to cause motor impairment. At the 8-position, both ethynyl and bromine groups were found to 

cause impaired motor function whereas there was no impairment from compounds containing a chlorine 

at this position.  

Traditional benzodiazepine structures lacking the imidazole top bearing a carboxylic acid, and/or 

oxazole groups and are represented in Structure C. These compounds (FR-I-44, KRM-II-08, TA-I-12, and 

TA-I-16) were considerably more sedating than other compounds and caused sedation or motor 

impairment (Table 3).  

The majority of all compounds analyzed on the RotaRod apparatus showed no motor impairment 

or sedation and lead compounds were further pursued for cytotoxic, metabolic, and pharmacokinetic 

analysis.  

3.4 Conclusion 

The RotaRod assay is a robust experimental paradigm that is able to classify compounds based on 

sedation or impaired sensorimotor coordination. Studies involving co-administration can also be used to 

confirm site-specific binding. The data can provide further insight into the distribution of the compound 

into the brain. This information can be used for the justification of future pharmacokinetic analysis. 

Compounds XHE-III-74EE, RJ-02-50, MIDD0301, and PI320 were identified as potential drug 

candidates due to their lack of adverse central nervous system effects.Compounds FR-I-44, KRM-II-08, TA-

I-12, and TA-I-16 contained the traditional benzodiazepine structure and were shown cause much more 

sedation and impairment than the most sedating and motor-impairing imidazodiazepines. 

The RotaRod assay is currently being performed by Michelle Meyer, a member of the Arnold 

Group. Slight changes such as method of administration, RotaRod acceleration rate, speed, and timing of 
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measurement have been made to the protocol to accommodate different breeds and experimentation 

requirements. 
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CHAPTER 4 

---------- 

Investigation of R/S MIDD0301 and PI320  
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4.1 Introduction  

During acute asthma exacerbations, narrowing of airways caused by airway smooth muscle (ASM) 

contraction (bronchospasm) occurs rapidly in response to allergens, irritants, or other stimuli such as 

exercise, cold air, or anxiety. Rapid onset ASM relaxing agents (bronchodilators) currently provide 

immediate bronchospasm relief, while combinations of β-adrenergic receptor agonists (BAA), 

anticholinergic agents, leukotriene receptor antagonists, corticosteroids, and biologics are used to 

maintain airway function and control lung inflammation. Asthma is a heterogeneous disease with a 

spectrum of phenotypes and endotypes including paucigranulocytic, eosinophilic, neutrophilic, and mixed 

granulocytic inflammation,¹³² which have variable responses or resistance to existing pharmacotherapy. 

In addition to other approaches, targeting gamma-butyric acid type A receptors (GABAARs) in the lung is 

a novel asthma drug strategy.¹³³ GABAARs are well-characterized ligand-gated chloride ion channels 

known for their expression on neurons and response to inhibitory neurotransmitter GABA and other 

ligands.¹³⁴ Recently, functional GABAARs have been identified on non-central nervous system (CNS) cell 

types, such as ASM¹³⁵ and inflammatory cells.¹³⁶ We have developed subtype selective GABAAR allosteric 

ligands that relax constricted rodent and human ASM ex vivo.¹³⁷⁻¹⁴³ In vivo studies with orally dosed 

asthmatic mice demonstrated reduced inflammation and relaxation of methacholine-induced 

bronchospasm.¹³⁷⁻¹⁴² 

GABA has been shown to be an important modulator in immune cells,¹⁴⁴ and is present in 

nanomolar concentrations in the blood.¹⁴⁵ Our group has demonstrated that nanomolar concentrations 

of GABAAR allosteric ligands and GABA are sufficient to change the transmembrane current of isolated 

mouse CD4+ T cells.²³ Oral administration of allosteric GABAAR ligands reduced the number of lung 

inflammatory cells in ovalbumin-sensitized and challenged asthmatic mice. Cytokines, such as IL-17, IL-4, 

and TNFα, were also downregulated in the lungs.²⁴ 
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Respiratory diseases such as asthma and COPD are often treated with inhaled BAA and 

corticosteroids to achieve high concentrations locally in the lung with minimize systemic exposure. 

However, about 80−90% of an inhaled medication are likely to be swallowed.¹⁴⁶ Adverse systemic effects 

of BAA include increased heart rate, palpitation, vasodilation, and reflex tachycardia.¹⁴⁷ To prevent 

adverse systemic effects, antedrugs with limited systemic half-lives have been developed.¹⁴⁸ This strategy 

is also employed to reduce the adverse effects of inhaled corticosteroids,¹⁴⁹ which include adrenal 

atrophy, osteoporosis, steroid-induced myopathy, osteonecrosis, fluid retention, edema, hypertension, 

arrhythmias, dermatological, ophthalmologic, gastrointestinal, and neuropsychiatric effects.¹⁵⁰ In 

contrast, orally administered allosteric GABAAR modulator MIDD0301 reduces asthma symptoms²⁴ yet 

exhibits no observed systemic adverse effects following repeated dosing of 200 mg/kg for 28 days.¹⁵¹ 

Comparatively, a 40-fold lower dose of prednisone caused weight loss and reduced the size of the spleen 

and thymus. Investigating repeat-inhaled nebulized doses of MIDD0301 showed bronchodilation at doses 

lower than single treatments. Cardiovascular, CNS, and respiratory toxicity studies have confirmed the 

safety of inhaled MIDD0301 at exposure 50-fold greater than its therapeutic dose. 

Here it is shown that (R) and (S) enantiomers of MIDD0301, as well as PI320, rapidly reduce 

bronchoconstriction when delivered orally or by inhalation. The onset of action and effective doses were 

comparable to BAAs or corticosteroids in both allergen-induced murine asthma models and A/J mouse 

models. 

4.2 Methods 

4.2.1 Materials 

Chemicals. MIDD0301 was synthesized using a published procedure.¹⁶² Purity of >99% was determned by 

HPLC. Identity was determined by 1H NMR, 13C NMR, and high-resolution mass spectrometry. Albuterol, 
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montelukast, dexamethasone, fluticasone, and diazepam were purchased from MilliporeSigma (St. Louis, 

MO) and used without further purification.  

Drug Formulation. For nebulization, a 3 mg/ml solution of MIDD0301 was prepared in PBS (137 mM NaCl, 

2.7 mM KCl, 10 mM Na2HPO4, and 1.8 mM KH2PO4) or water and pH adjusted to 7.2 with NaOH. For other 

compound concentrations, this solution was diluted with water. For oral administration, MIDD0301, 

montelukast, and dexamethasone were suspended in polyethylene glycol (MilliporeSigma, St. Louis, MO) 

and diluted in a 2% aqueous solution of hydroxypropyl methylcellulose (MilliporeSigma, St. Louis, MO). 

The final polyethylene glycol concentration was 2.5%. Albuterol was dissolved in water for nebulized 

administration. Fluticasone and diazepam were dissolved in PBS with 0.17% Tween-80. 

Experimental Animals. Male and female BALB/cJ, female A/J, and male C57/BL6J were purchased from 

Jackson Laboratory (Bar Harbor, ME), and female Swiss Webster mice were purchased from Charles River 

Laboratory (Wilmington, MA). Female C57/BL6-129S6 hybrid mice were obtained from a breeding colony 

at the University of Wisconsin-Milwaukee. The mice were offspring from C57BL/ 6J female and Scn1a± 

(37107-JAX, 129S6 background) male and tested negative for this mutation. Animals were housed in a 

pathogen-free and 12 h light and dark cycle environment. Animals had ad libitum access to food and 

water. UW-Milwaukee and Columbia University confirmed that all animal experiments were in 

compliance with Institutional Animal Care and Use Committees.  

Measurement of sRaw Using the Buxco FinePointe Noninvasive Airway Mechanics (NAM) Instrument 

(DSI, St. Paul, MN). Mice were trained once a day for 5 days to become accustomed to the measuring 

chambers during nebulization and data acquisition. Instrument calibration was carried out before each 

experiment. A general protocol outline is under 4.2.2 Experimental Protocol with individual study 

protocols described in 4.3 Results and Discussion. Specific airway resistance (sRaw) was computed with 

FinePointe software using ventilation parameters recorded for the nasal and thoracic chambers. AHR 
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measurements are based on phase delay between the nasal and thoracic air flows. Compounds were 

nebulized as indicated for each experiment. Methacholine was dissolved in PBS and nebulized as indicated 

for each experiment. Nebulizers were calibrated for each measurement. Usually, nebulization occurred 

for 1 min followed by a 3 min data acquisition and a 1 min pause before the next methacholine 

nebulization. Data analysis was carried out with GraphPad Prism (GraphPad, San Diego, CA) using two-

way ANOVA and Bonferroni posttest.  

Ovalbumin (OVA) Sensitization and Challenge. Male C57BL/6 or male BALB/cJ mice were sensitized with 

intraperitoneal (IP) injections of 100 μl of a 0.9% NaCl aqueous solution with 0.5 mg/ml OVA (Sigma-

Aldrich, St. Louis, MO) and 20 mg/ml alum (Inject Alum; 40 mg/ml, Thermo Scientific, Pierce, Rockford, IL) 

on days 0, 7, and 14. During days 22−27, mice were anesthetized with isoflurane and challenged daily with 

1 mg/kg OVA intranasally. AHR measurements were conducted on day 28.  

House Dust Mite (HDM) Sensitization. Eight-week-old male C57BL/6 mice were briefly anesthetized with 

isoflurane (Baxter, Deerfield, IL) and administered HDM antigen (30 μg dissolved in 25 μl of PBS; Greer 

Laboratories, Lenoir, NC) or PBS alone (nonsensitized controls) intranasally while spontaneously breathing 

once a day for 3 weeks.  

LPS/INFγ Challenge. Eight-week-old female Swiss Webster or female BALB/c mice were anesthetized with 

a 100 μl IP injection of xylazine (2 mg/ml) and ketamine (10 mg/ml). Portions of 50 μl of a 0.1% bovine 

serum albumin solution containing 30 μg/ml mouse INFγ (R&D systems, Minneapolis, MN) and 1 μg of LPS 

(MilliporeSigma, St. Louis, MO) were administered intratracheally. AHR was determined 24 h after 

installation.  

Rotarod. Groups of 10 female Swiss Webster mice were trained to maintain balance at a constant speed 

of 15 rpm on the rotarod apparatus (Omnitech Electronics Inc., Nova Scotia, Canada) for 3 min. MIDD0301 
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in PBS (3.2 mg/ml) was administered as an aerosol using a NAM chamber (DSI, St. Paul, MN). After 10, 30, 

and 60 min after each nebulization, mice were placed on the rotarod for 3 min. If a mouse fell before the 

3 min was completed, it was placed again on the rod. If a mouse fell for the second time, the time of the 

fall was recorded. Data analysis was carried out with GraphPad Prism (GraphPad, San Diego, CA) using 

two-way ANOVA and Bonferroni posttest.  

Blood Pressure Measurements. Mice were trained for 3 days before the measurement to stay calm in the 

heating chamber for 10 min with continuous blood pressure measurements. The measurements were 

performed at the same time each day in absolute silence, with no extraneous odors, and with the least 

possible handling. Systolic and diastolic blood pressures were measured by tail-cuff plethysmography (IITC 

Life Science Inc., Woodland Hills, CA). The heat chamber was set at 28−30 °C for optimal tail arterial 

dilation to allow the measurement of the pulsatile pressure. A tail cuff/sensor was inflated by the system 

to a maximum pressure of ∼250 mm/Hg, and systolic blood pressure and pulse were determined using 

the optical sensor. Animals were administered vehicle or MIDD0301 by oral gavage, and measurement 

occurred 1 h after administration. Ten repeated measurements were performed with each mouse with a 

group size of four. Data analysis was carried out with GraphPad Prism (GraphPad, San Diego, CA) using 

two-way ANOVA and Bonferroni posttest.  

4.2.2 Experimental Protocol 

Experimental protocols often vary depending on the strain of mouse. While A/J mice already 

exhibit the phenotype found in humans with asthma, other strains like Balb/c and Swiss Webster mice 

need to be exposed to allergens to develop airway hyperresponsiveness. The development of a 

formulation and route of administration needs to be determined for instillation, drug administration, and 

appropriate dose of anesthesia. Furthermore, strain and age of mice influence the methacholine 

concentrations required to illicit airway hyperresponsiveness. To best control these parameters, a general 
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outline is followed for all AHR trainings, administrations, intratracheal instillations, and AHR 

measurements (Table 4). 

During experimental planning, mice are ordered and typically take 5-10 days to arrive. Mice are 

allowed to acclimate to the new facility for one week, and AHR training begins on day 13. Training consists 

of restraining the mice in the chamber of the Buxco NAM instrument and recording sRaw and breathing 

frequency over a three-minute timeframe. Mice are usually split into three groups: Vehicle, Positive 

Control, and our lead compound of interest. The first group is given MIDD0301 once daily via gavage (PO) 

administration on days 16-20 of the study. Intratracheal instillation of the IFN-γ/LPS inoculum is 

performed on MIDD0301 mice in the afternoon on day 20. On day 21, approximately 12 h after 

intratracheal instillation, AHR measurements are performed over a period of 30 min. MIDD0301 mice are 

introduced to increasing concentrations of nebulized methacholine in PBS. The second group of mice is 

given a positive control (dexamethasone) once daily via intraperitoneal (IP) administration on days 19-21. 

On the afternoon of the 21st day, intratracheal administration is performed on the positive control mice. 

AHR measurements are taken on day 21, approximately 12 h after intratracheal instillation. The third 

group of mice is given a once daily oral gavage dose of vehicle on days 20-22 of the study. Intratracheal 

instillation is performed on day 22, and final AHR measurements for vehicle mice are taken on day 23.  
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Days  MIDD0301 Group Dexamethasone Group Vehicle Group 

1 Buy 
mice 

      

6th Arrival       

13th AHR 
training 

      

14th AHR 
training 

      

15th AHR 
training 

      

16th AHR 
training 

Oral 
dosing 
with 

MIDD 

     

17th AHR 
training 

Oral 
dosing 
with 

MIDD 

     

18th  Oral 
dosing 
with 

MIDD 

     

19th  Oral 
dosing 
with 

MIDD 

 IP dosing 
with Dex. 

   

20th  Oral 
dosing 
with 

MIDD 

Intratracheal 
Instillation 
(afternoon) 

IP dosing 
with Dex. 

 Oral 
dosing 
vehicle 

 

21st  Measure 
AHR 

(morning) 

 IP dosing 
with Dex. 

Intratracheal 
Instillation 
(afternoon) 

Oral 
dosing 
vehicle 

 

22nd    Measure 
AHR 

(morning) 

 Oral 
dosing 
vehicle 

Intratracheal 
Instillation 
(afternoon) 

23rd      Measure 
AHR 

(morning) 

 

Table 4. Schedule of AHR Training, Dosing, Intratracheal Instillation, and Measuring AHR. Due to time and instrumental 
constraints, experiments need to be precisely scheduled over several days. 
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4.2.3 Buxco Acclimation Training 

Mice were placed individually into the Buxco chamber (Figure 22) with a collar to prevent 

movement, and a face plate with a rubber seal to prevent unwanted air flow. The restraint  containing the 

restrained mice are then placed into the chamber of the NAM instrument, and the mice were given one 

min of acclimation to return to normal breathing levels. Measurements were taken for five min, followed 

by one min of relaxation before the mice were removed from the NAM instrument and Buxco chamber. 

Chambers were washed with alcohol wipes and soap water and dried before the next mouse was placed 

in the Buxco chamber. Data were transferred from FinePointe software (Figure 23) to Microsoft Excel, and 

graphed in GraphPad (GraphPad Software, San Diego, CA). Data from individual mice and groups of mice 

were graphed, and are shown in Figure 24. 

 

 

Figure 22. Buxco Chamber. The chamber is responsible for restraining mice and measuring specific airway resistance through a 
Noninvasive-Airway Mechanics (NAM) instrument. 
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Figure 23. FinePointe Software. sRaw, thoracic flow, nasal flow, and total volume of mice are recorded and averaged. Outliers 
are rejected during data recording.  
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Figure 24. Breathing frequency. Averages are taken in one-min intervals for all mice during five days of acclimation training. After 
one day of training, mice began to establish a baseline for breathing frequency.   



54 
 

4.2.4 Anesthetization 

During training, a mixture of 2 mg/ml xylazine and 10 mg/ml ketamine (1:5 ratio) was prepared in 

sterile PBS. 100 µl of this cocktail was administered to each mouse via IP injection. After roughly five min, 

the mice were observed for the effects of the anesthetic. The following signs were checked to confirm 

anesthesia:  

- Breathing rate slowing down.  

- When picked up by the neck, there is no forelimb stretching 

- No response when hind limbs are stimulated.  

If a mouse was exhibiting any of the above symptoms, a few min were allowed to pass before again 

confirming anesthesia. During training, several of the mice were unable to become sedated under the 

prepared concentrations of anesthesia. The ratio of xylazine : ketamine was then altered to 1:4, and all of 

the mice were fully anesthetized during the study. Mice were then placed on an angled wooden platform 

(Figure 25) by hanging its incisors on a mounted horizontal wire and were gently restrained with a piece 

of ribbon mounted to the angled wooden platform. Intratracheal instillation was then performed.  

 

 

Figure 25. Angled Wooden Platform. Mice hanging from their incisors on the angled wooden platform. Mice can be place prone 
or supine depending on preference and inoculation tools available.   
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4.2.5 Inoculum Preparation 

Inoculum solution should be prepared prior to anesthetization, as mice will be fully anesthetized 

for only a short period of time. Under sterile conditions, a 0.1% bovine serum albumin solution in 

phosphate buffer saline containing 30 μg/ml mouse INFγ (R&D systems, Minneapolis, MN) and 1 μg of LPS 

(MilliporeSigma, St. Louis, MO) was prepared and administered intratracheally. 

4.2.6 Intratracheal Instillation of Inoculum 

1. Fill a 1 ml syringe fitted with a sterile bent gavage needle with 50 µl of the inoculum solution. The 

syringe should be loaded with a 100 μl air pocket behind the inoculum. This ensures the formulation is 

adequately instilled into all parts of the lung and none resides in the trachea.  

2. Place the anesthetized mouse onto the angled wooden platform with their incisors hooked on the 

hanging wire. 

3. Turn on the laryngoscope and use the tip to gently pry open the mouth. Pull the tongue out and hold it 

to the side with a blunt end forceps. Care should be taken when pulling the tongue from the mouth and 

should be done gently so no tissue damages occur. 

4. While the tongue is pulled to the side, guide the laryngoscope blade towards the back of the mouth. 

Keep the laryngoscope pressed down very gently at a 90° angle until you see and/or feel the opening of 

the trachea. Hold the laryngoscope in place so the tongue does not block the trachea. 

5. With your other hand, take the 1 ml syringe containing the inoculum, fitted with bent intratracheal 

gavage needle and insert the needle into the trachea until the bend in the needle reaches the front 

incisors. This ensures the tip of the needle has passed the trachea and is in the lungs. Carefully push the 

plunger evenly as to avoid bubbling while delivering the inoculum. Gently remove the needle out of the 

trachea as soon as possible. (Mice will suffocate and die if the trachea is blocked for too long.) Hold the 

mouse upright for a few sec to allow inoculum to be inhaled into the lungs.  
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6. Remove the mouse from the platform and place it near a heating lamp. Do not leave mice under direct 

heat for extended periods of time. Anesthesia should wear off 30 - 45 min after the procedure (recovery 

time varies based on strains). Close observation of the mice should occur during this time to prevent mice 

from getting too hot or too cold, as it could lead to respiratory distress. 

4.2.7 AHR Measurements 

On days 21-23, AHR measurements were taken as shown in Table 4. Each group of mice followed 

the same AHR measurement protocol. Mice were placed in the restraint and into the chamber, and the 

chamber placed into the NAM instrument. Mice were administered 20 µl of nebulized PBS over one min. 

After nebulization, AHR was measured for three min, followed by one min of rest. This five-min sequence 

of measurements was repeated for each mouse four more times, with log scale concentrations of 1.56 

mg/ml, 3.125 mg/ml, 6.25 mg/ml, and 12.5 mg/ml of nebulized methacholine in PBS. For this protocol, 

the total time spent for each mouse in the Buxco chamber on the NAM instrument was 25 min. The 

number of five-min sequences and concentrations of methacholine varying depending on the study. Data 

were transferred from DSI FinePointe software to Microsoft Excel and GraphPad for data analysis via a 

Two-Way ANOVA Bonferroni post-test comparing group means. 

4.3 Results and Discussion 

4.3.1 MIDD0301 

The studies herein offer further characterization of (R) and (S) MIDD0301, as well as PI320 as an 

inhaled medication for rapid relief or oral medication of long-term relief of bronchospasm. The described 

pharmacological effects of nebulized MIDD0301 in murine lung inflammation induced by diverse 

allergens, bacterial, and viral mediators (and steroid resistant inflammation) support future clinical 

evaluation of MIDD0301 as a first-line drug for use across asthma inflammatory endotypes.  



57 
 

Despite the availability of several drugs for asthma symptom control, the disease progresses in 

many patients, prompting increased dosing, the use of drug combinations, or the use of stronger 

medications with greater risks of adverse effects. By safely targeting GABAARs in the lung, MIDD0301 

offers a novel mechanism of action and provides an important therapeutic alternative to existing drugs 

that are limited by safety liabilities, restricted efficacy, and drug tolerance.  

We quantified the efficacy of MIDD0301 by its ability to reduce methacholine-induced airway 

hyperresponsiveness in mice using a whole-body plethysmograph. Following the protocol previously 

explained (Table 4) with the exception of instillation and the vehicle or drug (MIDD0301 or albuterol) 

being nebulized and the specific airway resistance (sRaw) recorded for 3 min. After acclimatization, 

methacholine (40 mg/ml, 20 μl) was nebulized for 1 min followed by 3 min of data acquisition and 1 min 

or recovery. This assembly was repeated five times, and average sRaw values for albuterol and MIDD0301 

were recorded (Figure 26A).  

sRaw increased with successive constant methacholine challenges in female C57BL/6J-129S6 

hybrid mice from 1.5 to 2.5 cmH2O*sec. Experiments with female C57BL/ 6J mice resulted in constant 

sRaw values at methacholine concentrations up to 60 mg/ml (data not shown). Nebulized MIDD0301 (3 

mg/kg) significantly reduced sRaw of C57BL/6J-129S6 mice during the fourth and fifth methacholine 

challenges and was more effective than 7.2 mg/kg albuterol at these challenges. Albuterol (7.2 mg/kg) 

and MIDD0301 (1 mg/kg) were similarly effective in reducing sRaw during the fifth methacholine 

challenge, reflecting greater potency of MIDD0301 in reducing methacholine-induced airway constriction 

compared to nebulized albuterol in normal, spontaneously breathing mice without lung inflammation. 
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Figure 26. Pharmacological activity of MIDD0301 in allergen-induced asthmatic mice. (A) Female C57BL/6J-129S6 hybrid mice 
were challenged intranasally with 1 mg/kg ovalbumin for five consecutive days (n = 11). Specific airway resistance (sRaw) was 
measured using a NAM instrument after a single nebulized dose of vehicle or vehicle plus drug, followed by nebulized methacholine 
challenge. (B) Structures of MIDD0301, albuterol, and montelukast. (C) Male BALB/c mice were sensitized (days 0, 7, and 14) and 
challenged intranasally (days 22−27) with OVA (n = 14). Drugs were administered orally for 5 days during the intranasal OVA 
challenge. Specific airway resistance (sRaw) was measured using a NAM instrument after nebulized methacholine challenges. 
Data are shown as means ± SEM. *, **, and *** indicate p < 0.05, p < 0.01, and p < 0.001 significance between vehicle- and drug-
treated animals for each individual methacholine challenge determined by two-way ANOVA. 

Next, we investigated the pharmacological activity of MIDD0301 using mouse asthma models 

where lung inflammation was induced by ovalbumin (OVA) oral sensitization and challenge. Data collected 

using OVA-sensitized C57BL/6J-129S6 hybrid mice comparing MIDD0301 and albuterol are presented as 

sRaw in Figure 26A. Figure 26B shows the structures of drugs administered. Evaluation of oral asthma 

drug montelukast and MIDD0301 using the OVA model in BALB/cJ mice is depicted in Figure 26C and 

Figure 26C Protocol. 

OVA-sensitized C57BL/6J-129S6 hybrid mice pretreated with nebulized vehicle exhibited sRaw 

values increasing from 1.4 to 2.4 cmH2O*sec during a course of five sequential challenges of 30 mg/ml 

methacholine (Figure 26A). Prophylactic dosing of 3 mg/kg MIDD0301 significantly reduced sRaw at both 
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the fourth and fifth methacholine challenge points and gave responses greater than 7.2 mg/ml nebulized 

albuterol. The lower dose of 1.0 mg/kg MIDD0301 was not effective in reducing sRaw at any of the 

albuterol challenges.  

In comparison to OVA sensitization, HDM allergen sensitization caused greater influx of 

eosinophils and neutrophils in the BALF, higher levels of IL-4 and IL-10, and increased subepithelial 

collagen in C57BL/6 mice.¹⁵² Our collaborators (Emala Group, Columbia University) challenged C57BL/6J 

mice daily with intranasally administered HDM for 3 weeks, which resulted in a significant increase of lung 

resistance as measure by the forced oscillation method. The absolute airway resistance of HDM-

challenged and MIDD0301-treated mice was comparable to the naïve C57BL/6J mice for the last two 

methacholine doses,¹⁵² mirroring results found in both the OVA-sensitized C57BL/6J-129S6 hybrid mouse 

model and the OVA model in Balb/cJ mice. 

 

Figure 26C Protocol. Ovalbumin and alum sensitization via IP administration occurred on days 0, 7, and 14. Intranasal ovalbumin 
challenge and MIDD0301 administration occurred on days 23 to 27, with AHR recordings occurring on day 28. Animals are often 
sacrificed at the completion of day 28 to harvest tissue samples for pharmacokinetic analysis. 
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It has been reported that OVA sensitization results in more robust AHR in BALB/c compared to 

C57BL/6 mice; conversely, peribronchial eosinophilia was more pronounced in the C57BL/6 compared to 

BALB/c mice.¹⁵³ We used the BALB/c model to compare AHR following oral treatment with either 

leukotriene receptor antagonist montelukast or MIDD0301. Here, we observed a change of sRaw from 1.5 

to 3.8 cmH2O*sec during graded methacholine challenges in vehicle-treated mice. Treatment with 

montelukast (20 mg/kg/day) for five consecutive days significantly reduced AHR at the 6.25 and 12.5 

mg/ml methacholine challenges (Figure 26C). MIDD0301 treatment (50 mg/kg/b.i.d.) over the same 5-day 

period caused a similar significant reduction of sRaw. We previously reported the characterization of 

alleviated lung inflammation (inflammatory cell numbers and cytokine levels) in this model after repeated 

oral dosing of MIDD0301.²⁴ 

 

Figure 27. Acute relief of methacholine-induced bronchospasm with MIDD0301 or albuterol treatment. (A) Protocol to 
determine AHR using the NAM instrument. (B) sRaw was measured using female A/J mice first challenged with methacholine 
followed by treatment with nebulized vehicle or indicated drug. Data are depicted as means ± SEM of n = 10. *, **, and *** 
indicate p < 0.05, p < 0.01, and p < 0.001 significance between vehicle- and drug-treated animals using two-way ANOVA. 

The relief of acute bronchospasm by inhaled drug treatment (in contrast to the previous 

prophylactic study design) was investigated with A/J mice, which display pronounced AHR to 

methacholine challenge in the absence of lung inflammation induced by allergen.¹⁵⁴ In the treatment 
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study design outlined in Figure 27, animals were challenged first with nebulized methacholine followed 

by nebulized treatment with MIDD0301 or albuterol.  

After two nebulized methacholine (30 mg/ml, 20 μl) challenges, sRaw reached 5.4 cmH2O*sec. 

Subsequent nebulized vehicle treatments resulted in sRaw values ranging from 5.8 to 3.9 cmH2O*sec, 

which were all significantly elevated from the sRaw at the initial vehicle administration. Thus, elevated 

AHR persisted for at least 15 min after the methacholine challenge. Mailhot-Larouche et al. reported 

bronchoconstriction for at least 10 min after methacholine challenge in BALB/c mice.¹⁵⁵ The first 

application of albuterol (7.2 mg/kg) reduced AHR, confirming its activity as a fast-acting bronchodilator. 

Further AHR reductions were observed during the subsequent second and third doses. MIDD0301 (7.2 

mg/kg) also reduced AHR during all three doses similar to albuterol. Although these compounds mediate 

their pharmacological effect through different receptors, G-protein-coupled receptor BAA versus ion-

channel GABAAR, their onset of action is similar. Relaxation of ASM ex vivo by MIDD0301 was observed at 

least 15 min following administration.²⁴ In a similar assay, the reported onset of action of long-acting BAA 

salmeterol was 19.5 min, whereas albuterol reduced bronchoconstriction as quickly as 1.8 min.¹⁵⁶ Herein, 

we demonstrated in vivo that MIDD0301 and albuterol relaxed constricted airway smooth muscle within 

3 min. 3 mg/kg MIDD0301 was sufficient to reduce AHR during the first and second doses after the 

methacholine challenge. Taken together, these data support the use of MIDD0301 as a fast-acting 

bronchospasm reliever that quickly reverses bronchoconstriction induced by methacholine and retains 

effectiveness upon repeated nebulized administrations.  

Steroid resistant asthma is often associated with elevated levels of IFNγ and is consistent with a 

neutrophilic and eosinophilic disease endotype.¹⁵⁷ The underlying pathogenic mechanism could be 

microbial lung infection leading to asthma, which is controlled poorly with steroids due to impaired 

nuclear translocation of the liganded glucocorticoid receptor in pulmonary macrophages.¹⁵⁸ Intratracheal 
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installation of INFγ and bacterial lipopolysaccharide (LPS) was used to model microbial infection and 

induced severe, acute lung inflammation, which was less responsive to oral steroid treatment.¹⁵⁹ We thus 

evaluated the pharmacological effect of nebulized and oral MIDD0301 in the INFγ/LPS lung inflammation 

model in comparison to albuterol and two steroids, inhaled fluticasone and oral dexamethasone. The 

results are summarized in Figure 28.  

  

Figure 28. Pharmacological effect of MIDD0301 in a steroid resistant asthma model. (A) Female Swiss Webster mice were 
challenged intratracheally with LPS and INFγ 1 day before the measurement. sRaw was measured repeatedly after nebulization 
of vehicle, followed by drug in vehicle and nebulized methacholine using the NAM instrument. (B) Nebulized fluticasone and 
MIDD0301 were administered to female Swiss Webster mice daily for 3 days followed by intratracheal instillation of LPS and INFγ 
on the second to last day. One h after the last administration of vehicle or drug, mice were exposed to nebulized PBS and graded 
doses of methacholine each followed by sRaw measurements. (C) Dexamethasone was administered orally for three consecutive 
days and MIDD0301 for five consecutive days to female BALB/c mice followed by intratracheal administration of LPS and INFγ on 
the second to last day. One h after the last administration of vehicle or drug in vehicle on the last day, mice were exposed to 
nebulized PBS followed by doses of methacholine. Data are depicted as means ± SEM of n = 10. *, **, and *** indicate p < 0.05, p 
< 0.01, and p < 0.001 significance between vehicle- and drug-treated groups determined by two-way ANOVA. 

Twenty-four h after intratracheal installation of LPS and INFγ, Swiss Webster mice were treated 

with graded doses of methacholine, resulting in a sRaw of 6.0 cmH2O*sec after the third administration. 
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Our adaptation of the model reported by Li et al.¹⁵⁹ employs female Swiss Webster instead of BALB/c mice, 

which enabled us to use lower doses of nebulized methacholine and spontaneously breathing animals 

instead of the forced oscillation technique. Nebulization of 7.2 mg/kg albuterol significantly reduced AHR 

at all methacholine challenges (Figure 28A). Three different doses of nebulized MIDD0301 were 

administered. At the higher 10 and 7.2 mg/kg MIDD0301 doses, reduction of sRaw occurred at the second 

and third methacholine challenges. The 3 mg/kg MIDD0301 dose was ineffective at all three methacholine 

challenges. Thus, for severe LPS- and INFγ-induced lung inflammation, nebulized MIDD0301 and albuterol 

demonstrated similar reduction of AHR.  

Next, MIDD0301 was compared to the corticosteroid fluticasone using repeated nebulized 

administration for 3 days (Figure 28B). The recommended human daily dose of fluticasone ranges 

between 176 and 440 μg for adults (70 kg), corresponding to 2.5−6.2 μg/kg. Fluticasone at 10 μg/kg did 

not reduce sRaw in the INFγ/LPS model. To observe a fluticasone effect in this model, we raised the dose 

to 50 μg/kg, which was able to significantly reduce AHR after repeated nebulized administrations at the 

third and fourth methacholine challenges. It was reported that similar high doses were needed to reduce 

AHR in mice infected with Mycoplasma pneumoniae.¹⁶⁰ By comparison, MIDD0301 reduced AHR after 

repeated doses of 3 mg/kg at the fourth and fifth methacholine challenges. A single nebulization of 

MIDD0301 just before the methacholine challenge did not reduce AHR (Figure 28A), which reflects an 

inadequate time to develop pronounced anti-inflammatory effects from repeated daily dosing with 

MIDD0301. A nebulized repeated dose of 1 mg/kg MIDD0301, on the other hand, was not adequate to 

improve the LPS/INFγ-induced lung inflammation.  

Li et al. stated that orally administered dexamethasone did not reduce AHR in the LPS/INFγ lung 

inflammation model,¹⁵⁹ which prompted the investigation of the efficacy of orally administered 

MIDD0301. Female BALB/c mice were used for this study, which exhibit a different range of sRaw values 
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in response to methacholine than female Swiss Webster mice. Starting with 1.6 mg/ml methacholine and 

increasing the challenge to 12.5 mg/ml resulted in a sRaw change from 1.4 to 3.8 cmH2O*sec (Figure 28C). 

Consistent with the work of others, oral dexamethasone at 1 mg/kg/d for 3 days did not reduce 

methacholine-induced AHR. Higher glucocorticoid doses were avoided because of observed toxicity of 

orally administered prednisone in our previous study.¹⁵¹ In contrast, 200 mg/kg/d MIDD0301 resulted in 

lower sRaw values at the third and fourth methacholine challenges. Thus, orally administered MIDD0301 

significantly reduced AHR resulting from severe lung inflammation induced by LPS and INFγ.  

To correlate the nebulized exposure of MIDD0301 using a NAM chamber to the amount of 

MIDD0301 that reaches the lungs, a pharmacokinetic study was conducted to quantify tissue 

concentrations over 2 h. Female Swiss Webster mice were administered 20 µl of nebulized 7.5 mM 

MIDD0301 (pH 7.5) while in the NAM instrument. Groups of four were sacrificed at 5, 10, 20, 30, 40, 60, 

and 120 min after compound administration. Due to time constraints as well as only having two available 

nebulizers on the NAM instrument, it was crucial to develop a protocol outlining exact time of nebulization 

and respective sacrifice time (Figure 29). Specific timeframes needed to be considered for loading the 

mice into the NAM restraint, loading the restraint into the NAM chamber, nebulization time, removing 

mouse from chamber and restraint, transport across the animal facility to the sacrifice room, CO₂ 

asphyxiation and cervical dislocation, and harvesting of tissue samples. Cardiac puncture for blood draw 

needs to immediately follow cervical dislocation and correspond to the exact time allocated for each 

respective group. Drawn blood was immediately mixed with heparin, stored in cryo vials, and placed on 

dry ice.  
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Figure 29. Protocol for Drug Administration, Sacrificing, and Harvesting Samples for PK Analysis. To minimize time, mice needed 
to be administered drug formulation (Red), sacrificed (light blue), and samples harvested according to established times. Shown 
is the protocol for the t = 5 min nebulization. Once a mouse was being perfused of blood, the next mouse was loaded into the NAM 
instrument for drug nebulization.  

Due to blood often covering lung and brain samples during extraction, it was important to perfuse 

blood before organ harvesting as trace amounts of compound and analytes in blood may show up in 

analysis of other samples.  An established protocol by Gage et. al was followed.¹⁷⁶ Tissue and organ 

harvesting would proceed with removal of sternum, anterior chest cavity, and thymus to expose the heart 

and ascending aorta. Under a surgical microscope, an incision (>5 mm) was made at the apex of the left 

ventricle and a 30G perfusion probe was inserted and guided into the left ventricle with a suture (Figure 

30). The probe was gently guided into the ascending aorta until it was visible. The suture was then clamped 

to prevent backflow. A gravity-assisted pump containing 0.9% NaCl in PBS solution was then opened to a 

flow rate of 1 ml/min and careful observation was made to ensure the PBS solution was filling and 
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expanding the ascending aorta. The right atrium was then cut open to drain perfused blood. After roughly 

15 min, no visible blood was exiting the right atrium and kidney color was changed from deep red to a tan 

color, indicating adequate perfusion of blood. Harvesting of organ samples followed and were placed in 

cryo vials on dry ice. At the completion of organ harvesting, blood and tissue samples were stored in liquid 

nitrogen for pharmacokinetic analysis via HPLC/MS.  

 

Figure 30. Whole Animal Perfusion Fixation for Rodents. After sacrificing and cardiac puncture, mice were perfused of blood to 
reduce cross-contamination of other tissue samples. Perfusion was complete when blood was no longer visible in the right atrium 
exit incision and kidney color changed from deep red to a pale brown color. 

At t = 0 min, 0.06% of the nebulized MIDD0301 was found in lung. The half-life of MIDD0301 in 

lung was 5.2 min. MIDD0301 has a binding affinity of 72 nM for the GABAAR; thus, therapeutic 

concentrations for receptor activation were maintained at this level for at least 25 min. In addition, 

MIDD0301 blood concentration and to a lesser degree its lung concentration increased at 60 min, 

suggestive of intestinal absorption of ingested drug. As pointed out in 4.1 Introduction, about 80−90% of 

inhaled medication is likely to be swallowed.¹⁴⁶ In contrast to the lung, the concentration of MIDD0301 in 

blood increased marginally, indicating intestinal uptake and metabolism before entering the blood 
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circulation. Similar ratios between lung and blood concentrations were observed for nebulized MIDD0301 

administration using a flexiVent respiratory system, with a reported brain concentration of less than 3% 

of the lung concentration.¹⁴¹ 

 

Figure 31. Safety evaluation of nebulized MIDD0301 in mice. (A) Sensorimotor coordination: Compounds were formulated as 
described in the Materials and Methods section and nebulized at indicated doses using the NAM instrument. After removal from 
the nebulization chamber, female Swiss Webster mice were tested on a rotarod at 15 rpm for 3 min at 10, 30, and 60 min. The 
time of fall was recorded if occurring prior to 3 min. Data are expressed as means ± SEM (n = 10). (B) Protocol to determine the 
respiratory safety of repeated nebulized MIDD0301 dosing using the NAM instrument. (C) Four C57BL/6 mice were subjected to 
the protocol described in part B and breathing frequencies measured over 3 min after each MIDD0301 nebulization. Data are 
depicted as means ± SD. (D) Systolic and diastolic blood pressures were measured with a noninvasive tail cuff plethysmograph 1 
h after oral MIDD0301 administration. Ten measurements were performed for each female Swiss Webster mouse in groups of 
four. ** (p < 0.01) and *** (p < 0.001) values were determined by two-way ANOVA. 

To confirm minimal brain distribution of MIDD0301 with the absence of CNS effects, mice that 

received nebulized MIDD0301 were studied for possible sensorimotor impairment using the RotaRod 

instrument (Figure 31A). Female Swiss Webster mice were trained to balance on a rotating rod for 3 min 

and tested 10, 30, and 60 min after nebulization of MIDD0301 or positive control compound diazepam, a 
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GABAAR ligand that is known to achieve high brain concentrations. The lack of central activity, specifically 

in the medulla, was demonstrated with measurements of breathing frequencies after repeated 

nebulization with MIDD0301 (Figure 31C). Cardiovascular safety was investigated usibg blood pressure 

measurements after oral administration of MIDD0301 (Figure 31D).  

MIDD0301, at nebulized doses of 100 and 150 mg/kg, did not cause sensorimotor impairment 

(Figure 31A). In contrast, nebulized diazepam at 5 mg/kg exhibited significant CNS effects. These results 

are in agreement with studies performed for orally administrated MIDD0301 and diazepam.²⁴ 

Interestingly, a recent clinical study with inhaled diazepam confirmed bronchodilation for patients with 

asthma.¹⁶¹ The authors proposed that diazepam acted on the peripheral nervous system regulating the 

airway smooth muscle tone rather than directly relaxing contracted airway smooth muscle, which has 

been demonstrated for MIDD0301 using ex vivo human lung tissue.¹⁴¹ To show that bronchodilation by 

MIDD0301 is limited to constricted airways (e.g., in the presence of methacholine or caused by lung 

inflammation), naïve mice were treated with nebulized MIDD0301 followed by airway measurements 

using a whole-body plethysmograph (Figure 31C). Breathing frequencies did not change over a period of 

48 min, with a combined dose of 90 mg/kg. Cardiovascular safety of MIDD0301 was shown in vivo at a 

dose of 100 mg/kg using a noninvasive tail-cuff plethysmograph (Figure 31D). Blood pressure values 

obtained for MIDD0301 were not statistically different from vehicle controls. These results are consistent 

with earlier published findings on the inability of MIDD0301 to interact with the Kv11.1 potassium ion 

channel (hERG).¹⁵¹ 

4.3.2 PI320 

Next, we determined the in vivo activity of PI320 in relaxing airway smooth muscle. Mouse 

inflammatory AHR was induced with INFγ and LPS via intratracheal installation (Figure 32). Elevated levels 

of IFNγ in the lung were observed in neutrophilic asthma patients who responded poorly to steroid 

treatment.¹⁶⁵ One contributing factor was the impaired nuclear translocation of the liganded 
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glucocorticoid receptor in pulmonary macrophages.¹⁶⁶ LPS models a microbial infection leading to a 

macrophage-mediated inflammatory response.¹⁶⁷  

 

 

 

 

 

 

Figure 32. Pharmacological effect of PI320 in a steroid resistant asthma model. Female Swiss Webster mice received an 
intratracheal solution of LPS and INFγ one day before the measurement. sRaw was measured repeatedly after nebulization of 
vehicle, followed by drug in vehicle and nebulized methacholine using a NAM instrument. Data are depicted as means ± SEM of n 
= 10. * and *** indicate p < 0.05 and p < 0.001 significance between vehicle and drug treated groups determined by 2-way ANOVA 
with Bonferroni correlation. 

The intratracheal installation of INFγ/LPS markedly increased the sRaw value (Figure 32, black 

bar). After the first nebulized methacholine challenge (3 mg/ml, 20 µl), the sRaw increased from 3.7 to 

4.8 cmH2O*sec. Further methacholine challenges increased the sRaw to 8.0 cmH2O*sec. Animals that 

received nebulized albuterol (7.2 mg/kg) prior to the methacholine challenge, showed reductions of AHR 

for the second and third methacholine administrations. Similar results were observed for PI320 at the 
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same dose. PI320 also reduced AHR for the third methacholine challenge at 3 mg/kg and therefore 

performed better than MIDD0301, which showed no efficacy in this model at 3 mg/kg.¹⁶⁴ The precise 

measurement of lung function parameters such as airway resistance and elastance alternatively can be 

conducted using an invasive forced oscillation technique.¹⁶⁵ Collaborators using a flexiVent apparatus 

showed 1.5 mg/kg of MIDD0301 was sufficient to reduce airway resistance.¹⁶⁴ Future studies will be 

performed to quantify the dose-dependent changes of airway resistance for PI320.    

Further investigations with PI320 were conducted with A/J mice that display severe AHR to 

methacholine without a pre-existing allergic state due their unique genetic profile.¹⁶⁸  

  

Figure 33. Airway smooth muscle relaxation in female A/J mice. A) sRaw was measured after nebulized vehicle or PI320 
treatment (7.2 mg/kg) followed by repeated treatment with nebulized methacholine. B) sRaw was measured after nebulized 
GABAA receptor antagonist gabazine (15 mg/kg) or gabazine followed by PI320 (7.2 mg/kg) and repeated nebulized methacholine 
applications. Data are depicted as means ± SEM of n = 10. * and *** indicate p < 0.05 and p < 0.001 significance between vehicle 
and drug treated animals using a 2-way ANOVA with Bonferroni correlation. 

The repeated nebulized administration of methacholine induced severe AHR resulting in sRaw 

values of more than 7.0 cmH2O*sec after five applications (Figure 33A). The nebulized administration of 

albuterol (7.2 mg/kg) prior to the methacholine challenge reduced AHR for the second and subsequent 

methacholine applications. Similar effects were observed for nebulized 7.2 mg/kg PI320 for the third and 

subsequent methacholine applications. The reduction of AHR by PI320 was not statically different from 

albuterol and could be reversed by GABAA receptor antagonist gabazine (Figure 33B). The nebulized 

application of gabazine (15 mg/kg) increased the sRaw from 7.0 cmH2O*sec to 9.1 cmH2O*sec for the last 

methacholine application, which is consistent with the previously reported increase of contractile force 

N
N

HN

O

OH

Gabazine

O



71 
 

of acetylcholine-contracted guinea pig tracheal rings.¹⁶⁹ Other studies with gabazine included the reversal 

of PI320 analog SH-053-2’F-R-CH3 induced negative membrane potential and bradykinin-induced [Ca2+]i of 

ASM.⁴² 

4.3.3 R and S MIDD0301 

Next, we investigated the ability of MIDD0301 and MIDD0301S to reduce AHR using two different 

murine models (Figure 34).  

 

Figure 34. Pharmacological effect of nebulized MIDD0301 and MIDD0301S. A) Female A/J mice received nebulized treatment 
followed by nebulized methacholine challenges. Specific airway resistance (sRaw) values were recorded for 3 min and depicted as 
means ± SEM (n = 10). B) Female Swiss Webster mice were challenged intratracheally with LPS and INFγ one day before the 
measurement. sRaw was measured repeatedly for 3 min after nebulized vehicle or nebulized treatment followed by nebulized 
methacholine. Data are depicted as means ± SEM (n = 10). *, ** and *** indicate p < 0.05, p < 0.01, and p < 0.001 significance, 
respectively, between vehicle and drug treated groups as determined by 2-way ANOVA repeated measures with Bonferroni 
correlation. 

A/J mice display pronounced AHR in response to inhaled methacholine in the absence of allergen 

induced lung inflammation.¹⁷¹ Following nebulized drug treatment, methacholine (8 mg/ml, 20 µl) was 

nebulized five times, resulting in an average specific airway resistance (sRaw) of 7.1 cmH2O*sec after the 

fifth methacholine dose (Figure 34A). Nebulized albuterol significantly alleviated AHR at the second 

through fifth methacholine administrations. Significant reductions of AHR were observed with 10.8 mg/kg 

MIDD0301 pre-treatment at the last three methacholine challenges. However, MIDD0301 was not 

effective at 7.2 mg/kg. MIDD0301S appeared to reduce AHR at 10.8 mg/kg but significant AHR reduction 
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was achieved only at the final two methacholine challenges using 15 mg/kg nebulized pre-treatment. In 

this model, MIDD0301 is slightly more effective than MIDD0301S at 10.8 mg/kg at the fourth and fifth 

methacholine challenges.  

In a second mouse AHR model, animals received an intratracheal installation of IFNγ and LPS one 

day before treatment with a single dose of 7.2 mg/kg albuterol, MIDD0301, or MIDD0301S, followed by 

AHR measurement (Figure 34B). Animals given a sham intratracheal installation with PBS (i.e., no 

IFNγ/LPS) exhibited baseline AHR (sRaw = 3 - 4 cmH2O*sec) at the sequential methacholine challenges. All 

three test compounds significantly reduced AHR compared to vehicle treatment at the last two 

methacholine challenges. There was no significant difference between the efficacy of MIDD0301 and 

MIDD0301S at any methacholine challenge in this study.  

 

Figure 35. Pharmacological effect of orally administered MIDD0301 and MIDD0301S. A) Female A/J mice received orally 
administered compounds for three days followed by nebulized methacholine challenges. Specific airway resistance (sRaw) values 
were recorded for 3 min and depicted as means ± SEM (n = 10). B) Female Swiss Webster mice received compounds via oral gavage 
for three days followed by intratracheal instillation of LPS and INFγ on the second to last day. Forty min after the last oral 
administration of vehicle or drug, mice were given nebulized vehicle (PBS) followed by graded doses of methacholine. Data are 
depicted as means ± SEM (n = 10). *, **, and *** indicate p < 0.05, p < 0.01, and p < 0.001 significance, respectively, between 
vehicle and drug treated groups determined by 2-way ANOVA repeated measures with Bonferroni correlation. 

Next, the pharmacological effect of orally administered MIDD0301 and MIDD0301S was 

compared. No observable adverse effects were found in A/J mice during the three-day treatment with 

either compound or dose. MIDD0301S at 200 mg/kg/day resulted in significantly reduced sRaw values at 
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the third, fourth, and fifth methacholine challenges (Figure 35A). At 100 mg/kg/day, MIDD0301S and 

MIDD0301 reduced AHR at the fourth and fifth methacholine challenges. MIDD0301 was further able to 

reduce sRaw at 100 mg/kg/day at the third methacholine challenge. Together, the reductions of AHR with 

100 mg/kg/day MIDD0301S were not statistically different from MIDD0301 for all nebulized methacholine 

challenges. Similar results were observed using the steroid resistant IFNγ and LPS mouse asthma model 

(Figure 35B). A 100 mg/kg/day oral dose of MIDD0301S for three days prior to the AHR measurement 

resulted in significantly reduced sRaw at all methacholine challenges. MIDD0301 reduced AHR at the 

second and third methacholine challenges. The sRaw effects from MIDD0301S and MIDD0301 treatment 

were not statically different from each other.  

The brain concentration (non-perfused) of MIDD0301 following oral dosing is approximately 5% 

of the blood concentration.²⁴ Correspondingly, no adverse CNS effects were observed following 100 

mg/kg b.i.d. repeated daily dosing or a single 1,000 mg/kg bolus dose.¹⁵¹ The safety of orally dosed 

MIDD0301 and MIDD0301S at 500 mg/kg was evaluated using the rotarod test (Chapter 3.1) to assess 

sensorimotor coordination and motor learning and behavioral changes by measuring open field (Chapter 

4.4) movements (Figure 13). 
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4.4 Open Field Test Background 

In addition to the RotaRod test, the open field test offers insight to the behavior of mice.¹⁷³ First 

developed to be used on a swine irradiation project at Iowa State university in 1967, the open field test 

has been adapted to investigate behavior across several species, ranging from humans to mice.¹⁷³⁻¹⁷⁵ The 

object of the test is to record the total overall movement of an animal. Comparisons may then be drawn 

between drug-treated groups and control groups by identifying differences or similarities in overall and 

average rate of movement. To perform this experiment in mice, an 8” x 12” mouse cage (Thoren Caging 

Systems, Inc.) was used and mice were allowed to acclimate to the cage. Recordings were performed 

under controlled sound, lighting, and temperature. 

4.5 Instrumentation 

The open field test was recorded using an iPhone 8 (Apple Inc.) attached to an O-ring stand and 

placed directly above the mouse cage to ensure the entirety of the cage and mouse movement was 

recorded. A dark, quiet room along with background white noise was required to prevent any distractions 

in the mice that would interfere with the study. After recordings, files were converted and compiled with 

x.Vid-1.3.6-20191204.exe, VLC Media Player, and EthoWatcher (VirtualDub) software to remove 

background and obtain higher resolution in mouse movement. GraphPad Prism 5.0 was used for data 

analysis. 

4.6 Protocol 

4.6.1 Experimental 

Six-week-old female Swiss Webster (CFW) mice were purchased from The Jackson Laboratory and 

were allowed one week acclimation upon arrival. After acclimation, individual mice were placed into the 

container and recorded for 90 sec for three consecutive days to identify normal baseline behavior and 
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movement. After three days of recording baseline behavior, mice were prepared to begin compound 

experimentation.  

 Mice were dosed with compound by either oral gavage (PO) or intraperitoneally (IP). At Tmax after 

compound administration, mice were placed into the container for recording. After 90 sec of recording, 

mice were removed from the cage and placed back into their respective containers. Data recording 

consisted of 60 sec, with the first 15 sec and last 15 sec of the 90 sec recording period omitted to ensure 

the mouse was not exhibiting abnormal behavior due to being moved containers, as well as omitting any 

possible recording interference of the hand placing the mouse into the container. 60 sec of data for each 

mouse was then transferred to x.Vid-1.3.6-20191204.exe and VLC Media Player for video compression 

and improving resolution. EthoWatcher (VirtualDub) software was then used to quantify total mouse 

movement. However, the first few attempts of analysis were unsuccessful due to video recording and 

software issues. Former Arnold Group member Brandon Mikulsky made several changes to the protocol 

as well as developing a program that can be followed for successful data conversion and compilation 

(Appendix D). 

4.6.2 Improved Experimental 

In constructing the setup for the improved protocol, a clear mouse cage contrasted with a black 

background was used to reduce reflections being picked up in EthoWatcher. The only light source was 

indirect and provided by a lamp (Phillips, 80W Soft White) facing the wall. The goal was to avoid shadows 

and create an even distribution of light while providing sufficient amount of light for the camera. A white 

noise machine was placed nearby to reduce external noises.  

At 15 min after injection, each mouse performed the open-field test. The camera was concretely 

placed on a stand with a top-down view. First, each video started with audio confirmation of the mouse 

being recorded. Five sec into video recording (with no mouse in the enclosure), the mouse was placed in 

the center. The mouse was recorded until the 2-min mark. At that point, the mouse was removed and the 
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procedure was repeated for each mouse in the group. The group sizes were reduced in size so each mouse 

was recorded at the same time after drug administration.      

The video file was then converted from iPhone to the correct file type for Ethowatcher 

(Appendix). The video was also converted into black and white and with high contrast so the white mouse 

fur was the most visible object in the video. Each video was then processed through Ethowatcher. The 

data produced from each video was then compiled and graphed (Figure 36).    

4.7 Results and Discussion 

 

  

Figure 36. Safety evaluation of MIDD0301 and MIDD0301S in mice. ■ Diazepam (8 mg/kg), □ vehicle, ■ MIDD0301S (500 mg/kg), 
■ MIDD0301 (500 mg/kg); (A) Sensorimotor coordination: Trained female Swiss Webster mice received orally administrated drug 
and were monitored on a 15 rpm rotarod apparatus for 3 min at 10, 30, and 60 min. The time of fall was recorded if occurring 
prior to 3 min. Data are expressed as means ± SEM (n = 12), (B-D) Mouse movements in an unfamiliar cage were recorded 20 min 
after oral administration of compound. Data were recorded for two min. The edge area was defined as 2 inches from each side. 
Data are expressed as means ± SEM (n = 12). *, **, and *** indicate p < 0.05, p < 0.01, and p < 0.001 significance, respectively, 
between vehicle and drug treated groups determined by 2-way ANOVA with Bonferroni correlation. 
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Neither MIDD0301 nor MIDD0301S dosed orally at 500 mg/kg caused any adverse sensorimotor 

effects (impairment of motor function) as measured by rotarod (Figure 36). In contrast, diazepam at 8 

mg/kg caused significant impairment at 10 and 30 min after oral dosing, which dissipated after 60 min. 

Next, possible adverse CNS effects were evaluated using the open field test, which is a common paradigm 

to evaluate locomotion, anxiety-like behavior, exploratory behavior, and activity levels in rodents. Here, 

mouse movements in the open field apparatus were video recorded 20 min after oral drug dosing. 

Diazepam at 8 mg/kg resulted in significant reductions in distance travelled, average velocity, and resident 

time close to the edge of the cage. Conversely, MIDD0301 and MIDD0301S at 500 mg/kg did not cause 

any significant changes in any of the measured movement parameters when compared to vehicle treated 

mice. These data are consistent with previous results showing limited CNS distribution of MIDD0301 and 

the corresponding absence of sensorimotor or other behavioral effects (of either enantiomer) attributable 

to binding to GABAARs expressed in the brain.     

Once the protocol and methods were defined, the open field test was performed by Brandon 

Mikulsky and is currently being performed by Michelle Meyer. To streamline data analysis, several 

changes were made to the protocol by Michelle Meyer and former Arnold Group members Dylan Hoffman 

and Brandon Mikulsky. New containers and recording devices, as well as altering the EthoWatch software 

program to identify the mouse were utilized to garner more accurate representation of mouse movement 

and behavior. 

 With the adjustments to refine the protocol, the Open Field Test is a valuable assay that gives 

insight into compounds that do not exhibit excitatory or inhibitory sensorimotor coordination in mice. The 

data also provides a crude understanding of the brain metabolism and elimination of compounds prior to 

investigating their full pharmacokinetic profiles.  
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4.8 Conclusion 

It can be concluded that (R) and (S) MIDD0301 and PI320 are potent bronchodilators that are 

effective in relieving methacholine-induced AHR in diverse animal models. The therapeutic value of these 

nebulized and orally administered compounds were demonstrated for lung inflammation induced by 

allergens and infectious mediators, which correspond to major disease pathways underlying human 

bronchoconstrictive disorders including asthma. These compounds represent first-in-class drugs based on 

a fundamentally novel asthma mechanism of action for the treatment of inflammatory respiratory 

diseases, namely, targeting GABAAR in the lung. Furthermore, when run in parallel, the RotaRod and 

oOpen field tests provided robust analysis of sensorimotor coordination, sedation, cognitive behavior, or 

overall movement in mice delivered these lead compounds. This approach can uncover safety and efficacy 

liabilities of existing drugs, and unlike current treatments, MIDD0301 is effective in reducing airway 

constriction and lung inflammation when administered by oral and inhaled routes. 
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5.1 Introduction  

The three main hallmarks of asthma include lung inflammation, bronchoconstriction, and 

increased mucus production.¹⁷⁷  The most abundant types of immune cells that play a role in this 

pathophysiology are mast cells, B-cells, neutrophils, epithelial cells, eosinophils, macrophages, and T-

lymphocytes.¹⁷⁷ 

There are two main classes of T-lymphocytes: CD4+ helper cells (T-helper cells), and CD8+ cytotoxic 

cells, which are characterized based on their surface expression of CD4 or CD8, which form co-receptors 

with the T cell receptor to promote T-cell coactivation.¹⁷⁸,¹⁷⁹ Antigen activation of the T-cell receptor (TCR) 

initiates several pathways and stimulates calcium to be released from intracellular stores, further 

promoting calcium entry through membrane bound store-operated calcium channels.¹⁸⁰  The foundation 

for the majority of inflammatory process mediated by T-cells is this increase in intracellular calcium. This 

includes short term stabilizing of antigen presentation, and inducing pathways that lead to genetic 

changes such as induction of cytokine transcription.¹⁸⁰  

It has been shown that CD8+ cells are responsible for cytotoxicity and have a lesser understood 

role in asthma pathogenesis.¹⁸¹  Although CD8+ cells have been shown to suppress asthma phenotypes 

such as antigen specific IgE production, other studies have shown CD8+ cells increase inflammation and 

airway hyperresponsiveness.¹⁸²  

Conversely, CD4+ T-cells have a better understood role in asthma and are responsible for 

perpetuating the inflammatory response by infiltrating airways and secreting inflammatory cytokine 

mediators.¹⁸¹  This cytokine release directs other cell types to mediate many of the clinical characteristics 

of asthma, including heightened IgE production by B-cells, increased blood eosinophilia, and immune cell 

proliferation (Figure 37).¹⁸³  This complex inflammatory reaction can classified into Th1 and Th2 responses.  

Th1 responses are characterized by cytokines like interferon γ (IFNγ), interleukin-2 (IL-2), and lymphotoxin 

(LT), which promote the cell-mediated immune response.¹⁸⁴  The Th2 immune response is characterized 
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by production of multiple cytokines: IL-4, IL-5, IL-10, and IL-13, among others.¹⁸⁴  This response promotes 

robust antibody responses and eosinophil activation.⁸  Recent literature suggests asthma to be an 

imbalance between Th1 and Th2 responses.¹⁸⁵  There is overwhelming evidence that Th2 cytokines are 

the primary class of cytokines that lead to asthma pathology. However, Th1 cytokines such as IL-2, are 

present in bronchoalveolar lavage fluid (BALF) and serum in those experiencing asthmatic 

exacerbations.¹⁸⁶  

 

 
 

Figure 37. Th2 Cell-Mediated Inflammation.¹⁹⁷ Dendritic antigen-presenting cells bind to naïve CD4 T-cells through CD4 and TCR 
coactivation causing an inflammatory response by infiltrating the airway and secreting inflammatory mediators like IL-4, IL-5, and 
IL-13 cytokines. This cytokine release directs other cell types that mediate asthma, including increased blood eosinophilia, 
heightened IgE production by B-cells, and immune cell proliferation.¹⁸³ 

 
Upon activation by an antigen, Th2 cytokine producing T-cells recruit eosinophils through IL-5 

(Figure 37).¹⁸⁷ This recruitment directs eosinophils from the bone marrow through the blood and to the 

lung tissues.¹⁸⁷  Although atopy is correlated with excessive eosinophilia in the lung, there is a significant 

range of blood eosinophil concentrations among asthmatics.¹⁸⁹  During the asthmatic allergic response, 
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matured eosinophils migrate from bone marrow to the lung tissue, become stimulated, and consequently 

release several cytotoxic mediators in a process known as degranulation.¹⁸⁷,¹⁸⁸ These mediators include 

eosinophil peroxidase and Major Basic Protein (MBP), both which have been shown to cause airway 

hyperresponsiveness (AHR).¹⁸⁷,¹⁸⁸ MBP also triggers mast cells and basophils, initiating the release of 

histamine which leads to bronchial hyperreactivity.¹⁸⁸  Eosinophils  also produce additional cytokines such 

as IL-13, which stimulates mucus production from goblet cells.¹⁸⁸ 

Another key immune cell type involved in the asthmatic response are macrophages.  There are 

three major classes of macrophage in the lung: i.) sputum-derived bronchial macrophages, ii.) interstitial 

macrophages in the interstitium, and iii.) alveolar macrophages in the alveoli lumen.¹⁹⁰  Depending on 

their role in the inflammatory process, these classes of macrophages can be characterized as either M1 

or M2.  M1 macrophages respond to intracellular pathogens and can be polarized by IFNγ and 

lipopolysaccharide (LPS). M2 macrophages phagocytose foreign pathogens and apoptotic cells and are 

polarized by IL-4 and IL-13.¹⁹⁰   M1 macrophages are thought to be more active in non-eosinophilic asthma, 

however it is still unclear which is more prevalent in asthmatics.¹⁹⁰  

Macrophages play an important role in propagating the inflammatory response.¹⁹⁰, ¹⁹¹  To promote 

this response, macrophages produce a multitude of factors that affect numerous other cell types. In 

asthmatics, alveolar macrophages increase NO production compared to healthy counterparts.¹⁹⁰  The 

regulation of T-lymphocyte proliferation is due to the upregulated nitric oxide synthase dependent 

pathway. Thus, excess NO can reduce the production of inflammatory cytokines from alveolar 

macrophages as a coping mechanism.¹⁹⁰  Nevertheless, excess NO causes vasodilation, increase in mucus 

secretion, and recruitment of eosinophils, which leads to cell injury, airway remodeling, and eventual 

steroid resistance.¹⁹¹,¹⁹² Increased levels of exhaled NO are associated with accelerated decline in lung 

function in severe asthmatics.¹⁹² 
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GABAARs have been recently characterized on many cell types related to asthma, including 

immune cells such as lymphocytes and macrophages in airway smooth muscle.¹⁹³-¹⁹⁵ Lymphocytes have 

shown reduced proliferation in the presence of GABAAR agonists, supporting the notion that targeting 

GABAARs on macrophages could produce an anti-inflammatory effect.¹⁹⁴  Peritoneal macrophages also  

have reduced levels of cytokine production when treated with GABA, an effect that is reversed by the 

GABAAR channel blocker picrotoxin.¹⁹⁵  GABAAR-mediated signaling has also proven essential in 

macrophage differentiation.¹⁹⁶ 

To investigate the effect GABAAR ligand binding has on immune cells, a protocol was developed 

to quantify the production of IL-5 and IL-13 from negatively-selected CD4+ T-cells isolated from female 

Swiss Webster splenocytes via rtPCR. 

5.2 Methods 

5.2.1 Materials 

RBC Lysis Buffer (with ammonium chloride, sodium bicarbonate, and EDTA) 

QIAshredder Kit (Qiagen Strasse #79654, Hilden, Germany) 

RNeasy Mini Kit (Qiagen Strasse #74104, Hilden, Germany) 

Affymetrix eBioscience MagniSort Magnet 

MagniSort Negative Selections Beads B (Invitrogen #4332206, San Diego, CA) 

MagniSort Mouse CD4 T Cell Enrichment Antibody Cocktail (Invitrogen #4338775, San Diego, CA) 

TAE (50X) Tris-Acetate-EDTA Buffer (Boston BioProducts #A6R6S, Ashland, MA) 

SYBR Safe DNA Gel Stain (Invitrogen #2080069, Carlsbad, CA) 

One-Step SYBR Green Master Mix (2X) (Quantabio #66156026) 

Quantifast SYBR Green RT-PCR Master Mix, 2X (Qiagen #163014623, Hilden, Germany) 

Calcium Ionophore A23187 (Sigma #059M4000V) 



84 
 

Phorbol 12-myristate 13-acetate (Sigma #MKCG6946) 

Mouse GAPDH Stellato Primers (IDT #282311543) (Product Data in Appendix: Primers) 

Mouse IL-13 Huang Primers (IDT #282311546) (Product Data in Appendix: Primers) 

β-Actin Primers (Product Data in Appendix: Primers) 

Molecular Biology Agarose (Bio Rad #161-3101, Hercules, CA 

RPMI 1640, 1X Media (Corning #10-040-CV, Manassas, VA) + 10% FBS, 1% Pen/Strep, 0.1% β-

Mercaptoethanol 

TECAN Infinite M1000 Instrument (Grödig, Austria) 

Gel Electrophoresis Kit (Bio Rad, Hercules, CA)   

PowerEase500 Gel Electrophoresis Power Kit (Invitrogen, San Diego, CA) 

96-Well TwinTec Eppendorf PCR Plate (Millipore Sigma) 

Eppendorf Mastercycler pro PCR System (Millipore Sigma) 

Experimental Animals. Female Swiss Webster mice were purchased from Jackson Laboratory (Bar Harbor, 

ME). Animals were housed in a pathogen-free and 12 h light and dark cycle environment under standard 

humidity conditions. Animals had ad libitum access to food and water. UW-Milwaukee and Columbia 

University confirmed that all animal experiments were in compliance with Institutional Animal Care and 

Use Committees. 

5.2.2 Experimental Protocol 

Sacrificing & Tissue Harvesting. Mice were sacrificed by CO₂ asphyxiation, cervical dislocation, and cardiac 

puncture. To obtain enough splenocytes, three mice were sacrificed. Spleens were extracted and 

immediately stored in PBS on dry ice. Samples were then transferred from the animal facility to the lab 

for culturing.  

Splenocyte Culturing. In a sterile biohood, spleens and PBS were poured into a petri dish. Spleens were 

cut into small pieces with a scalpel and smashed with the plunger of a syringe to disintegrate (Figure 38). 
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Mixture was then transferred with auto-pipet and disposed through a 0.22 µM filter on top of 50 ml 

conical vial. After centrifugation at 1600 rpm for 10 min, the supernatant was aspirated off and the pellet 

was resuspended in 2 ml of pre-warmed RBC lysis buffer. Cells were incubated at 37 °C for 2 min while 

gently mixing with pipet. After 2 min, 28 ml of PBS was added to stop lysis. Cells were then centrifuged at 

1600 rpm for 10 min, and supernatant was removed. The splenocyte pellet was then reconstituted in 2 

ml of isolation buffer containing PBS (Ca²⁺ and Mg²⁺ free) with 0.1% BSA and 2 mM EDTA. Cells were 

counted on a hemocytometer via live/dead stain with trypan blue. Cells were then diluted to 5x10⁷ 

cells/ml in isolation buffer and stored in 500 µl aliquots in 15 ml conical vials. 

CD4 T-Cell Isolation. 500 µl of isolation buffer was added to each 15 ml conical vial containing 5x10⁷ 

cells/ml to yield ~1 ml. 100 µl of heat-inactivated FBS and 100 µl of Enrichment Antibody Mix (IgG in 0.1% 

BSA/PBS w/ 0.02% Sodium Azide) was added to each 15 ml conical vial. Each solution was gently mixed 

with pipet and incubated for 20 min at 4 °C. After 20 min, cells were washed with 4 ml of isolation buffer. 

Mixing was performed by inverting the tubes several times, and cells were centrifuged at 350 xg for 8 min 

at 4 °C. During centrifugation, dynabeads were washed according to the following protocol: 

i. Vortex/Mix Dynabeads storage vial for 30 s. 

ii. Transfer 500 µl Dynabeads to a glass tube. 

iii. Add 1 ml isolation buffer to glass tube and gently mix. 

iv. Place glass tube in magnet for 1 min and discard supernatant. 

v. Remove tube from magnet and resuspend washed Dynabeads in 500 µl Isolation Buffer. 

After centrifugation, the supernatant was aspirated off and each 15 ml conical vial containing cells were 

resuspended in 500 µl of isolation buffer. 50 µl of pre-washed dynabeads were added to each 500 µl 

solution containing cells in isolation buffer. The mixture was incubated for 15 min at room temperature 

with gentle mixing. After incubation, 2 ml of isolation buffer was added to each mixture and gently mixed 

with the pipet to avoid foaming or bubble formation. Each solution of cells and isolation buffer (roughly 
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2.5 ml) were transferred into individual glass tubes. Each tube was placed in the magnet for 2 min and the 

supernatant containing untouched naïve CD4+ T-cells gently poured off (Figure 38). 2 ml of isolation buffer 

was added to the same glass tube and the process of placing in a magnet and pouring off untouched naïve 

CD4+ T-cells repeated for all glass vials containing cells, isolation buffer, and dynabeads. All untouched 

naïve CD4+ T-cells in solution were combined in a 50 ml conical vial. 

CD4+ T-Cell Activation. Naïve CD4+ T-cells were reconstituted in 18 ml RPMI1640 media containing β-ME, 

FBA, and Pen/Strep. Cells were mixed by gentle pipetting. 3 ml of RPMI1640 and cells were pipetted into 

three wells in a 6-well plate and labeled as Non-Activated (N/A). 2 µg/ml PMA/Ionomycin solution was 

used for cell activation and added to the remaining ~9 ml of RPMI1640 and cells and mixed with pipet. 3 

ml was added to the remaining 3 wells in the plate and labeled Activated (Act.). Cells in 6-well plate were 

covered and incubated at 37 °C for three h to allow activation. The plate was gently shaken every 1 h to 

stimulate activation.  

RNA isolation from Activated and Non-Activated CD4+ T-Cells.  Activated cells were pipetted into a 

labeled 15 ml conical vial and non-activated cells pipetted into a separate labeled vial. Cells were 

centrifuged for 3 min at 1000 rpm. After centrifugation, the supernatant was carefully removed by pipet. 

RLT/β-ME solution was prepared by adding 10 µl β-ME to 2 ml RLT solution. 350 µl RLT/β-ME solution was 

added to each pellet (both Act. and N/A) and gently mixed with pipet. Cell suspensions were then 

transferred to cell shredder vials and centrifuged at 10,000 rpm for 2 min. After centrifugation, 350 µl of 

70% EtOH was added to each vial and mixed carefully. The 700 µl solution was then loaded into RNeasy 

columns and centrifuged for 15 sec at 10,000 rpm. RNA was captured on filter during centrifugation, and 

flow-through was discarded. 700 µl RWI Buffer was then added to the RNeasy columns and centrifuge for 

15 sec at 10,000rpm. The flow-through was discarded. Next, 500 µl RPE Buffer was added to RNeasy 

columns and centrifuged for 15 sec at 10,000rpm. The flow-through was discarded. The last buffer 

application consisted of adding 500 µl RPE Buffer and centrifuging for 2 min at 10,000 rpm. The flow-
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through was then discarded. RNA was eluted off RNeasy column filter by adding 50 µl of RNase-free water 

and centrifuging for 1 min at 10,000 rpm. The flow-through (containing RNA) was pipetted back onto filter 

and centrifuged again for 1 min at 10,000 rpm. In a 384-well plate (Eppendorf), 4 µl of each solution (Act. 

and N/A) were individually added in quadruplicate to separate wells containing 16 µl RNase-Free water. 

Samples were analyzed with a TECAN plate reader at absorbance readings of 260 nm and 280 nm. 

Absolute values of average RNA concentration were compared to RNase-free water (as negative control) 

and multiplied by path length factor to find RNA concentration in ng/ul. RNA was stored at -80 °C until 

rtPCR analysis. 

 

Figure 38. Diagram of Mouse Sacrificing to Total RNA Quantification. Mice were sacrificed and spleens were isolated. Spleens 
were mashed and mixed with RBC lysis buffer. CD4+ T cells were isolated through negative selection with MagniSort Dynabeads, 
and placed in RPMI1640 media. Half of the cells were activated with PMA/Ionomycin while the other half remained nonactivated. 
Compounds of interest were administered to select activated wells and allowed to incubate. Total RNA was quantified in 
nonactivated, activated, and activated + compound cells on a TECAN instrument. 

Real-Time Polymerase Chain Reaction. Total number of vials containing solution were equal to half the 

number of primers used. To each vial the following solution was prepared: 33 µl DNase-free water, 5 µl of 
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each matching forward and reverse primers (IL-5, IL-13, and housekeeping gene GAPDH), 2 µl RT 

Quantifast (qScript), and 50 µl SYBR dye. Each of these solutions were gently mixed with pipet and 18 µl 

aliquoted into four consecutive wells in a 96-well TwinTec Eppendorf plate. Based on the concentrations 

of total RNA of ~100ng/µl, it was determined that 7.6 µl of RNA solution would be diluted in 34.4 µl DNase-

free water for both activated and non-activated samples. 2 µl of diluted RNA was added to each 

appropriate well while avoiding bubbles during pipetting. A rtPCR TwinTec Eppendorf screen cover was 

placed over the plate and the plate briefly centrifuged to remove all bubbles. The plate was then carefully 

transferred to the rtPCR Thermocycler instrument (Eppendorf). The thermocycler instrument filter was 

set at 520 nm for the SYBR green probe. Method times, temperatures, and cycle numbers are shown in 

Figure 39. 

Preparing RNA Gel. 2 ml of 50x TAE Buffer was added to 98 ml deionized water. 2 g agarose was added, 

mixed, and microwave in 30 sec intervals until dissolved. Once cooled to 60 °C, 10 µl SYBR safe green dye 

was added to the solution. The gel was poured into an even tray and the well block placed into the gel. 

Once cooled off to room temperature, the well block was carefully removed from the gel. The gel was 

then removed from the tray and placed into the electrophoresis chamber. TAE buffer was then poured 

into the electrophoresis chamber up to the fill line (roughly 150 ml).  

Running RNA Gel. To prepare PCR amplicons for gel electrophoresis, 3.5 µl of 6x dye was added to each 

well containing RNA in the 96-well Twin-Tec PCR plate. Into the first and last wells, 8 µl Low Density DNA 

ladder was added. GAPDH, IL5, and IL13 were then added to the remaining wells. The gel was ran at 145 

V, 80 mA, and 10.0 W for 45 min. 

5.3 Results and Discussion 

The goal of the first experiment was to develop a successful protocol. Exceptions to the protocol 

under Methods include the cells incubating at 37 °C overnight (~20 h), as well as the cells not being 
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activated with PMA/Ionomycin. TECAN readings were taken at 260 nm and showed a total RNA 

concentration of 92.7 ng/μl after comparing vs negative control and multiplying by path length factor 

(PLF). RNA was stored in stock solution at -80 °C.  

Sample preparation for rtPCR occurred at room temperature with careful attention to appropriate 

mixing, as well as reducing bubble formation and overall contamination. 7.5 μl RNA stock was added to 

34 μl RNase-free water. Stock solutions were then prepared for each individual primer (β-Actin, IL-5, and 

IL-13) containing RNase-free water, 5 μl of each forward and reverse primer, RT Quantifast qScript, and 

SYBR Green dye. 18 μl of each stock solution was then pipetted into wells of the PCR plate in 

quadruplicate, and 2 μl of diluted RNA solution carefully added to each well. A PCR coverslip was carefully 

placed over the plate and the plate was centrifuged at 800 rpm for 20 sec. After centrifugation, the plate 

was placed in the Eppendorf Mastercycler pro PCR System and the Method was created (Figure 39).  

 

Figure 39. Initial Method and rtPCR Amplification Plot. The samples were first held at 50 °C for 10 min, followed by 95 °C for 5 

min for denaturation. Then, 45 cycles were performed of 95 °C for 30 sec, 55 °C for 1 min, 72 °C for 2 min. β-Actin had Ct values of 

~13, IL-13 had Ct values of ~15, and IL-5 had values of ~17.  
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Amplification for all sample wells had Ct values between 12.5 and 17.5 A larger variance in the IL-

13 primer Ct values prompted a change to use a different IL-13 primer. Additionally, GAPDH a widely-used 

housekeeping gene,¹⁹⁸ was chosen for future experiments. 

A 2% agarose RNA gel was then prepared and β-Actin, IL-13, and IL-5 were dyed in the PCR plate 

wells. The DNA ladder and the dyed, amplified PCR fragments were then loaded into respective wells of 

the gel. Gel electrophoresis was run at 125 V and 80 mA for 40 min. Product bands are shown in Figure 

40.   

 
Figure 40. 2% Agarose Gel Confirming Presence of β-Actin, IL-13, and IL-5. Gel electrophoresis was run at 125 V and 80 mA for 

40 min.  

 The IL-13 primer used was shown to have tailing and presence of other products, further 

confirming the need to use a different IL-13 primer. The experiment was then repeated under identical 

conditions with the exception of a different IL-13 primer and housekeeping gene (Figure 41). The same 

stock RNA was used (92.7 ng/μl).  
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Figure 41. Second rtPCR Experiment with New Primers and RNA Gel Electrophoresis. GAPDH was shown to amplify with small 
variance between samples and also presence was confirmed with gel electrophoresis. IL-13 Stellato did not have Ct values close 
to GAPDH and also showed poor band presence during gel electrophoresis, so it was no longer considered. 

 The new IL-13 Stellato primer showed amplification with little variance, however, a cycle 

threshold number within closer proximity to the housekeeping gene was preferred. GAPDH showed 

adequate amplification with little variance and was chosen as the housekeeping gene for future 

experiments. The RNA gel was run under identical conditions as the first experiment, and showed 

presence of GAPDH and IL-5, however IL-13 Stellato had little visibility of band presence indicating poor 

or low amplification of IL-13 (Figure 41). The early amplification of two IL-5 wells were determined to 

likely be contaminated and were not cause for concern. 

Using the same RNA stock solution and under identical conditions, a third rtPCR experiment was 

performed to identify an IL-13 primer with cycle threshold values similar to GAPDH. IL-13 Huang and IL-

13 Emerson were compared to GAPDH and are shown in Figure 42. 
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Figure 42. Comparison of IL-13 Primers to Housekeeping Gene GAPDH. IL-13 Huang and IL-13 Emerson were analyzed under 
rtPCR. IL-13 Huang was chosen as the preferrable primer due to closer proximity to GAPDH as well as still having low intra-sample 
variance. 

 IL-13 Huang showed close proximity to the cycle threshold of GAPDH while having low intra-

sample variance (Figure 42). It was chosen for future experimentation.  

The entire experiment was then repeated to replenish stores of RNA stock solution. The protocol 

in Methods was followed with the exception of CD4+ T-cells being activated with PMA/ionomycin for 5 h 

(previous activation was for 20 h). A shorter activation/incubation time was chosen to try to increase total 

RNA yield. Results from the TECAN were successful, as activated cells had a concentration of 131 ng/μl 

and non-activated cells had a concentration of 143 ng/μl. GAPDH, IL-5, and IL-13 Huang were then 

analyzed by rtPCR in both Activated and non-activated RNA stock solutions.  



93 
 

 

 

Figure 43. rtPCR Plot Comparing Cycle Thresholds for Different Primers in both Activated and Non-Activated RNA. GAPDH was 

the first primer to show amplification, followed by IL-5 and IL-13. Gel electrophoresis showed band presence for all primers in both 

activated and non-activated RNA. 

 Cycle thresholds for all samples were between 14 and 21 and still showed good separation 

between primers for easy identification (Figure 43). Furthermore, IL-13 Huang showed separation 
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between the activated and non-activated RNA, whereas GAPDH and IL-5 did not. Gel electrophoresis 

showed bright bands for all samples, hinting towards undesired RNA likely being amplified in addition to 

the genes of interest.  

The complete experiment was then repeated with several changes in the protocol in an attempt 

to reduce unwanted DNA binding. Four mice were sacrificed and had their spleens removed and stored in 

pre-warmed PBS. The protocol for CD4+ T-cell isolation was then performed at room temperature to 

preserve live cells. Unfortunately, this produced a more viscous solution than previously observed and 

caused MagniSort Dynabeads function to be inhibited. A total of five passes through the magnet were 

required to remove any visible presence of Dynabeads (Figure 44). 

 
Figure 44. Dynabeads Presence when Protocol is ran at Room Temperature. Five total passes through the magnet were required 

to eliminate visible Dynabeads from the isolated CD4+ T-cells. After reconstitution in RPMI1640 + 10% FBS, 1% Pen/Strep, 0.1% β-

Mercaptoethanol. a visible aggregate formed.  
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 After visible Dynabeads were removed from solution, the isolated CD4+ T-cells were reconstituted 

in RPMI1640 + 10% FBS, 1% Pen/Strep, 0.1% β-Mercaptoethanol. A noticeable aggregate immediately 

formed (Figure 44). The aggregate was broken up by pipetting and one-third of the total solution was 

placed equally into the first two wells of a six-well plate and labeled N/A. A new formulation of 50 ng/ml 

PMA and 10 μg/ml ionomycin was prepared and added to the remaining 2/3 of solution and mixed with 

pipetting. Half of the remaining solution was then placed into two empty wells of the six-well plate and 

labeled Act. The remaining activated solution was treated with 30 µM GL-IV-03, mixed with pipet, and 

transferred equally into the last two empty wells and labeled Act. + GL-IV-03. Cells were incubated for one 

h to try to preserve live cells. 

 RNA was then isolated according to the protocol in Methods. Total RNA from this protocol was 

95.4 ng/μl for non-activated, 71.6 ng/μl for activated, and 75.6 ng/μl for activated + GL-IV-03. Similar 

concentrations to the first experiment enabled the same volumes for rtPCR sample preparation as 

previous experiments. Results are shown in Figure 45.  

 
Figure 45. rtPCR Plot of Activated and Non-activated cells Using Updated Protocol. Results show immediate overamplification, 

suggesting errors in rtPCR sample preparation. 
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 Results show immediate amplification and very low cycle threshold numbers. At first this was 

thought to be due to the formation of the unknown Dynabead aggregate during CD4+ T-cell isolation, 

however, RNA isolation with the QIAshredder and RNeasy (Qiagen) kits would have removed these 

impurities when we found RNA concentrations from ~70-95 ng/μl. Due to these total RNA concentrations 

being similar to previous experiments, it was inferred that these low cycle threshold values were either 

due to the sample preparation prior to total RNA quantification or during rtPCR preparation.  

 To see if the immediate amplification was due to sample preparation for rtPCR, a known 96 ng/μl 

activated and 347 ng/μl non-activated stock RNA solution was provided by Dr. Alexander Arnold. The same 

protocol for rtPCR sample preparation was used and the same method was used on the thermocycler 

instrument (Figure 46). 

 

Figure 46. rtPCR Plot Showing Immediate Amplification. When performing the rtPCR sample preparation with RNA isolated from 
Dr. Alexander Arnold, the same overamplification was observed suggesting errors in the rtPCR sample preparation protocol as 
opposed to sample preparation and isolation of RNA. 

Amplification was immediate before the instrument was able to report cycle threshold values, 

confirming that the rtPCR sample preparation protocol needed to be adjusted. In addition to immediate 
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amplification, there was also large intragroup variance. Troubleshooting included checking appropriate 

concentrations of primers, SYBR Green Dye, and reverse transcriptase. Furthermore, some SYBR Mix 

solutions begin to lose function when a cycle temperature goes below 60 °C.  

         During troubleshooting, other students in the UW-Milwaukee chemistry department also 

reported similar errors when using the rtPCR instrument. Immediate amplification along with large 

intragroup variance was occurring for RNA samples isolated from mouse ear and mammalian cells, 

suggesting an error may be occurring due to instrumental malfunction. However, this notion was quickly 

dismissed after instrumental maintenance still showed immediate amplification. Future studies will 

involve the optimization of the rtPCR sample preparation protocol with focus on lowering the primer 

concentration 2.5x, as it is thought the high primer concentration may be the cause of immediate 

amplification during rtPCR. 

5.4 Conclusion 

With adjustments to the initial protocol, this method can be used to quantify mediators that 

propagate the Th2-mediated inflammatory response. Preliminary results showed reduced IL-5 and IL-13 

production in nonactivated CD4+ T-cells compared to activated CD4+ T-cells, demonstrating an efficacious 

model to be used for future studies. Although only IL-5 and IL-13 have been quantified using this protocol 

so far, other cytokines involved in the Th2-mediated inflammatory response can be quantified in the 

future, such as IL-4, IL-10, and TSLP. Arnold Group member Michelle Meyer is currently investigating levels 

of TSLP in atopic dermatitis mouse models using a similar protocol for sample preparation. Additionally, 

this protocol can be altered at the points of T-cell isolation and activation to identify Th1-mediated cells 

that contribute to other types of inflammation. 
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CHAPTER 6 

---------- 

INVESTIGATION OF GL-IV-03 

FOR NEUROPATHIC PAIN 
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6.1 Formalin Test Introduction  

Neuropathic Pain (NP) is a type of chronic pain that is difficult to treat and occurs in roughly 7% 

of the United States population.²⁰² This chronic pain can arise without overt stimulation of associated 

peripheral sensory endings and is commonly associated with diabetic neuropathy, HIV infection, post-

herpetic neuralgia, and chemotherapy treatment for cancer.²⁰³  Despite their controversial use, opioids 

are currently one of the leading NP therapeutic choices.²⁰⁴ Other types of treatment include tricyclic 

antidepressants, serotonin-norepinephrine reuptake inhibitors, and anti-epileptics, which are often 

followed by second-line opioids and topical drugs or stronger third-line opioids.²⁰⁴  It is not uncommon 

for patients to report minimal benefit from these drugs, as less than one-fourth of patients experiencing 

significant pain relief with these options.²⁰⁵  

The first line of defense in the central nervous system (CNS) are microglia, the resident 

macrophages. The role of microglia in the CNS immune system has been implicated in many neuro-

inflammatory diseases such as Alzheimer’s disease, Parkinson’s disease, multiple sclerosis, and 

neuropathic pain.²⁰⁶  During inflammation, high amounts of NO are released into the spinal cord, which 

sensitizes the neurons and reduces firing thresholds, leading to increased neuronal firing and pain 

sensation.²⁰⁷  It has been shown NO plays a role in pain, direct injection of NO causes pain, and NOS 

inhibitors have proven analgesic.²⁰⁷ 

Functional γ-aminobutyric acid type A receptors (GABAAR) are well-characterized in neurons and 

have been discovered on glial cells. Currently, only α1, α3, and β1 subunits have been described in mouse 

microglia.²⁰⁸ However, it has been established that GABAAR in microglia can mediate immune suppressive 

signaling.²⁰⁹  Previous anti-inflammatory studies with novel α2/α3-subtype GABAAR positive allosteric 

modulators have shown that these compounds are capable of reducing alveolar macrophage 

populations,²³,²⁴ as well as demonstrating analgesic properties.²¹²,²⁶ Taken together, these results suggest 
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these novel imidazodiazepines are capable of mediating neuropathic pain by reducing inflammation 

through targeting CNS microglia as well as providing analgesic effect.  

To investigate the in vivo effect of mediated neuropathic pain, a formalin test was performed in 

mouse models. The formalin test involves injecting formalin into the paw of a mouse and recording 

behavior during the biphasic pain response (1-5 min and 20-60 min).²¹⁴ The injection provides both 

mechanical (injection needle) and chemical (formalin causing increased NO and glutamate release) 

noxious stimuli for triggering two main types of nociceptors: i.) Aδ Nociceptors: myelinated fibers 

responsible for sharp, acute, localized pain,²¹⁷ and representative of Phase I, and ii.) C Nociceptors: 

unmyelinated fibers responsible for slower, poorly localized, “burning” or “throbbing” inflammatory-

mediated pain,²¹⁷ and representative of Phase II. Stimulated nociceptors propagate the pain signal 

through sensory fibers of the dorsal horn by release of Substance P, which activates propagation of the 

second order neuron in the opposing lateral spinothalamic tract.²¹⁸ Once the nerve signal reaches the 

thalamus, it is relayed to the somatosensory cortex via a third order neuron that defines location and 

discrimination of pain source (i.e., mouse addressing the injected hind paw).²¹⁸     

6.2 Methods  

6.2.1 Materials 

Chemicals. GL-IV-03 and MP-IV-010 were synthesized using a published procedure.²¹⁵ Purity of >99% was 

determined by HPLC. Identity was determined by 1H-NMR, 13C-NMR, and high-resolution mass 

spectrometry. Ketoprofen was purchased from MilliporeSigma (St. Louis, MO) and used without further 

purification.  

Drug Formulation. For oral administration, GL-IV-03, MP-IV-010, and ketoprofen were suspended in 

polyethylene glycol (MilliporeSigma, St. Louis, MO) and diluted in a 2% aqueous solution of hydroxypropyl 

methylcellulose (MilliporeSigma, St. Louis, MO). The final polyethylene glycol concentration was 2.5%. 1% 
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Formalin (MilliporeSigma, St. Louis, MO) was prepared in 0.9% NaCl in PBS. All reagents were prepared 

fresh each day with the exception of 2% aqueous solution of hydroxypropyl methylcellulose. 

Experimental Animals. Male C57/BL6J mice were purchased from Jackson Laboratory (Bar Harbor, ME). 

Animals were housed in a pathogen-free and 12 h light and dark cycle environment under standard 

humidity conditions. Animals had ad libitum access to food and water. UW-Milwaukee and Columbia 

University confirmed that all animal experiments were in compliance with Institutional Animal Care and 

Use Committees.  

Preparation of Compound in Vehicle Solution: 

Reagents were prepared fresh each day with the exception of 2% hydroxypropyl methylcellulose 

(HPMC). All four groups were administered 200 µl of vehicle, ketoprofen, or test compound formulations 

via oral gavage (PO) once daily for five days. The first and second groups received the vehicle solution of 

2.5% polyethylene glycol (PEG) in 2% HPMC. The third group received 30 mg/kg of ketoprofen (a 

commonly prescribed non-steroidal anti-inflammatory drug for treating neuropathic pain) in vehicle 

solution. 10 mg/kg GL-IV-03 in vehicle solution was delivered to the fourth group. Compounds were first 

mixed with PEG400 and ground with mortar and pestle until solution became a paste. 2% HPMC was then 

added to the paste and ground to obtain a suspension. Vials containing drug formulations were held in 

hand and gently shaken between drug formulation and drug administration to ensure compounds did not 

become insoluble during the administrations.  

Preparation of Formalin Solution: 

 A 10% formalin solution was diluted 1:10 in 0.9% NaCl solution, yielding a 1% formalin solution 

for injections. 20 µl injections for four mice required 100 µl (20 µl excess) of 1% formalin solution. 30G x 

1/2” Hypodermic BD Needles were used for administration. 
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6.2.2 Experimental Protocol 

Four male C57BL/6 mice were weighed, numbered, and observed for any abnormalities, in which 

case they were excluded from the experiment. Mice were acclimated in the mouse restraint apparatus 

(Figure 47) for one min, followed by 10 min acclimation in an empty mouse cage (observation chamber) 

for two days prior to the first day of the experiment. The observation chamber set up was the same as the 

open field set up and described in Chapter 4.4. Due to time required for recovery from hind-paw 

injections, the study took place over several weeks.  

 

Figure 47. Picture of Mouse Restraint. Mice were loaded into the chamber tail first with their right hind-paw sticking out of the 
restraint. The nose cap was then slid into the restraint to prevent excessive movement yet not harm the mouse. 20 µl of 1% 
formalin solutions was delivered via intraplanar injection to the right hind-paw. 

For the first and second groups, only vehicle solution was administered for five days with the 

second group also receiving 1% formalin hind-paw injections on the fifth day. While the mouse was in the 

mouse restraint apparatus, 1% formalin solution was administered to the right hind paw via intraplantar 

injection just prior to Tmax of test compound. Control of hind paw, precision of injection site, and rate of 

administration were crucial in reducing stress on the mice.  

Immediately after the hind paw injection, mice were removed and placed into the observation 

chamber for 5 min to measure Phase I behavior, representing acute peripheral pain mediated by direct 
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activation of nociceptors. Five min after the hind paw injection, mice were placed back in their home cage 

for a 15 min quiescent period. Precisely 20 min following hind-paw injection, mice were placed back into 

the observation chamber for 10 min to measure Phase II behavior, representative of an inflammatory 

and/or neurogenic response. The Dubuisson and Dennis Model²¹⁶ was used to classify Phase I and Phase 

II behavior into four categories, numbered 0 through 3. Mice were marked 0 for normal behavior, 1 for 

limping or light resting of injected paw, 2 for noticeable elevation of injected paw, and 3 for licking and 

biting the injected paw in addition to the previous behaviors.  

To conserve time, mice were injected at alternating intervals of 10 and 35 min to ensure 

vehicle/compound injection time, 1% formalin solution hind-paw injection, Phase I recording, and Phase 

II recording did not interfere with each other. Time spent participating in behavior during Phase I and 

Phase II was recorded on a timer and used to calculate a pain score for each mouse.²¹⁶ 

Pain Score = Σ(Respective Categorized Behavior x Duration of Behavior) / 300 sec 

Formalin-administered hind paw was observed daily for two weeks following treatment. Swelling 

and redness persisted up to 40 min after injection. Occasional bruising would last up to 3 days after 

formalin treatment. After four days, formalin treatment of hind paw was unnoticeable in appearance or 

behavior of mice. 

After initial experimentation, it was determined that several parameters needed to be changed. 

The pain scores of formalin injected mice were not statistically different compared to non-formalin 

injected mice for Phases I or II. Difficulty distinguishing between each numbered behavior was of key 

concern. Furthermore, it was determined that the Tmax of the compound needed to coincide with the 

timepoint of the pain response, not the timepoint of the 1% formalin hind-paw injection. 
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6.2.3 Improved Experimental 

To improve model efficacy, the following changes were made to the experimental protocol. 

Formalin concentration was doubled from 1% to 2% to elicit a stronger pain response in non-treated mice 

when compared to baseline. Phase I and Phase II were recorded 20 min earlier to match Tmax of GL-IV-03, 

and Phase II reduced from 10 min to five min. Behaviors of 0 (no attention to hind paw) vs. 3 (full attention 

to pain in injected hind paw) were of sole focus during Phase I and Phase II to better distinguish hind paw 

attention. Mice were observed for both Phase I and Phase II, with behavioral recordings (0 or 3) every 10 

sec for the full five min. Total time spent in each behavior was then averaged for all mice, and pain scores 

were compared between non-formalin vehicle -treated (Group 1), formalin + vehicle -treated (Group 2), 

formalin + ketoprofen -treated (Group 3), and formalin + GL-IV-03 -treated (Group 4) mice. Number of 

mice in each group was also increased (N = 12). 

After observing no adverse effects in mice four days after formalin treatment, it was confirmed 

that the same trained mice could be given injections in alternating hind paws once per week, for a 

maximum of four weeks (two injections to each hind paw). Mice were sacrificed at the completion of the 

study. 
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6.3 Results and Discussion  

 

Figure 48. Comparing Classified Pain-Score Behaviors of Different Drug Administrations within Groups. Mice were considered 
to have behavioral pain-score ratings of 0, 1, 2, or 3. Mice were split into groups of non-formalin injected, formalin-injected + 
vehicle, formalin-injected + ketoprofen, and formalin-injected + GL-IV-03. Data are expressed as means ± SEM (n = 4). *, **, and 
*** indicate p < 0.05, p < 0.01, and p < 0.001 significance, respectively, between vehicle and drug treated groups determined by 
one-way ANOVA with Bonferroni correlation. 

 Figure 48 data are shown using the initial experimental protocol. Non-formalin injected mice 

delivered vehicle predominantly exhibited behavior scores of 0 during both Phase I and II. Formalin 

injected mice delivered vehicle showed significant pain scores for Phase I (***) and II (*). In formalin 

injected mice delivered 30 mg/kg ketoprofen, significance was only found between behaviors 0 and 2 for 

Phase I. This significance was considered an anomaly due to behavior 1 and 3 not being significantly 

different than behavior 0. No significance was found between behaviors in formalin injected mice 

delivered 10 mg/kg GL-IV-03.  
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Figure 49. Comparing Classified Pain-Score Behaviors of Different Drug Administrations Between Groups. Mice were considered 
to have pain-score behavioral ratings of 0, 1, 2, or 3. Mice were split into groups of non-formalin injected, formalin-injected + 
Vehicle, formalin-injected + ketoprofen, and formalin-injected + GL-IV-03. Data are expressed as means ± SEM (n = 4). *, **, and 
*** indicate p < 0.05, p < 0.01, and p < 0.001 significance, respectively, between vehicle and drug treated groups determined by 
one-way ANOVA with Bonferroni correlation. 

 Comparing Phase I pain scores between groups showed a significant difference between the four 

groups in Figure 49. No difference was found in Phase II pain scores comparing formalin-injected + vehicle 

administered vs. formalin-injected + ketoprofen and formalin-injected + GL-IV-03 groups. Although 

significance was found between the non-formalin injected + vehicle vs. formalin-injected + vehicle groups 

for Phase II, the lack of difference between drug treatment vs. vehicle treatment prompted protocol 

changes previously mentioned in 6.2.3 Improved Experimental. Furthermore, mice that did not receive 

formalin hind-paw injections exhibited a non-zero pain score under the initial Experimental Protocol, 

whereas they should not exhibit any value of pain score. 
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Figure 50. Comparing Classified Pain-Score Behaviors of Non-Formalin Injected and Formalin-Injected Mice under Improved 
Experimental. Mice were considered to have behavioral pain-score ratings of 0 or 3. Mice were split into groups of Non-formalin 
injected + Vehicle and formalin-injected + Vehicle. Data are expressed as means ± SEM (n = 12). *, **, and *** indicate p < 0.05, 
p < 0.01, and p < 0.001 significance, respectively, between groups determined by one-way unpaired t-test comparing group means. 
Statistics were not calculated for Non-Formalin injected mice due to no observed recordings of pain score rating of 3. 

 The improved experimental allowed easier classification between Behavioral Pain Scores. Figure 

50 shows behavioral pain scores of zero at all timepoints during Phase I and II for all mice that received 

no formalin hind-paw + vehicle administration. Mice that received formalin injections and vehicle 

administration exhibited a behavioral pain score of 3 over 75% of the time in Phase I and over two-thirds 

of the time in Phase II.  
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Figure 51. Comparing Classified Pain-Score Behaviors of Formalin Injected and Drug-Administered Mice under Improved 
Experimental. Mice were considered to have behavioral pain-score ratings of 0 or 3. Mice were split into groups of formalin-
injected + ketoprofen formalin-injected + GL-IV-03. Data are expressed as means ± SEM (n = 12). *, **, and *** indicate p < 0.05, 
p < 0.01, and p < 0.001 significance, respectively, between groups determined by one-way unpaired t-test comparing group means. 

Figure 51 shows sec spent exhibiting Behavioral Pain Scores of Phase I and II for mice that received 

formalin hind-paw + ketoprofen or GL-IV-03 administration. Mice that received formalin injections and 

ketoprofen administration exhibited a Behavioral Pain Score of 3 about 60% of the time in Phase I and 

roughly 55% of the time in Phase II. Statistical difference was observed between ketoprofen treated and 

GL-IV-03 treated mice for both Phase I and Phase II. 



109 
 

 The antinociceptive effect of GL-IV-03 in the formalin test was then compared with the 

sensorimotor effect observed in the RotaRod test. Licking and biting of the injured hind paw as a 

demonstration of nociception was evaluated in comparison to the uninjured contralateral paw. The 

amount of time attending to this behavior during a five min interval for each treatment is presented in 

Figure 52A. Sensorimotor impairment and sedation were investigated between Phase I and Phase II with 

mice trained on the RotaRod, as licking and biting can also be representative of sedation or motor 

inhibition. The amount of time that mice remained balanced on the rod after intraperitoneal (IP) and oral 

(PO) treatment with GL-IV-03 and MP-IV-010 is summarized in Figure 52B and Figure 52C. 
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Figure 52. In vivo evaluation of MP-IV-010 and GL-IV-03. A) Formalin test: Swiss Webster mice were treated orally four days in 
advance with indicated compounds and doses before the injection of 2% formalin in the right hind paw. Mice were evaluated 
during the first 5 min (phase 1) and after 20 min (phase 2) for 5 min in 5 sec intervals. Licking and biting the right hind paw during 
a 5 sec interval was noted and combined as total time addressing the injected paw. Data is given as mean with SEM (n = 12). ** 
indicate p < 0.01 (unpaired t-test); B) and C) Sensorimotor coordination: Swiss Webster mice were tested on a rotarod at 15 rpm 
for 3 min at 10, 30, and 60 min following compound treatment at indicated dose and administration. The time of fall was recorded 
if it occurred prior to 3 min. Data are expressed as mean ± SEM (n = 10). *, (p < 0.05), ** (p < 0.01) or *** (p < 0.001) significance 
compared to vehicle-treated mice (2 way ANOVA). 
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GL-IV-03 exhibited antinociceptive effects in both acute pain (Phase I) and inflammation-

mediated pain (Phase II) when administered orally at 10 mg/kg (Figure 52A). The effect was similar to 

non-steroidal anti-inflammatory drug ketoprofen at 30 mg/kg. Both GL-IV-03 and MP-IV-010 -

administered PO at 4-fold the effective dose in the formalin test did not cause any sensorimotor deficits 

as measured on the RotaRod (Figure 52B). Furthermore, intraperitoneal (IP) injections of GL-IV-03 at 10 

and 40 mg/kg did not influence the ability of mice to balance on a rotating rod for three min (Figure 52C). 

In contrast to diazepam, a benzodiazepine with high affinity for α1β2/3γ2 and other GABAAR subtypes, 

was sedating at 5 mg/kg IP.  

6.4 Conclusion  

The formalin test has been shown to be a reliable method to determine behavioral pain-score 

response in mouse models.²¹⁶ Allocating two different phases after hind-paw injection gives insight to the 

general type of neuropathic pain mediation. Phase I behavior represents acute peripheral pain mediated 

by direct activation of nociceptors while Phase II behavior represents an inflammatory and/or neurogenic 

response. Aligning the Tmax of orally-delivered compounds with the elicited hind-paw pain response and 

timing of Phase I and II offers important insight as to neuropathic pain reducing properties of lead 

compounds. Furthermore, performing the RotaRod test between Phase I and Phase II provides 

information as to whether biting and scratching of the hind paw is due to the elicited pain response or 

due to sedation or impaired motor coordination.  

Although simple in nature, the formalin test is typically a long term study as it requires periods of 

recovery and limited number of hind-paw injections for each mouse. Furthermore, mice can develop 

permanent damage after repeated hind-paw injections which may misrepresent behavioral pain-scores. 

Future experimentation of lead compounds aiming to treat neuropathic pain will utilize the changes 

described in the Improved Experimental. 
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Compound GL-IV-03 offers exciting potential as a drug candidate to treat both acute peripheral 

pain and inflammatory pain while not causing sedation or impaired motor coordination. At 10 mg/kg, GL-

IV-03 showed similar potential for neuropathic pain treatment compared to 30 mg/kg ketoprofen in both 

Phase I and Phase II. It is expected that an increase in GL-IV-03 concentration would yield significantly 

lower behavioral pain-scores when compared to 30 mg/kg ketoprofen.  
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6.5 Nerve Ligation Test Background 

Neuropathic pain commonly manifests from allodynia, a pain stimulus that does not normally 

illicit pain, and/or from hyperalgesia, an increase in pain from a stimulus that normally invokes pain.²¹³ 

Although the distribution of pain can extend beyond innervation, allodynia and hyperalgesia are typically 

localized to the site of pain stimulus and involve the corresponding nerve innervations.⁶⁸ The underlying 

mechanisms of allodynia and hyperalgesia contributing to NP are still unclear, however NP is thought to 

be driven by functional changes in directly injured Aδ- and C-fiber nociceptors as well as changes in fibers 

that lie adjacent to the injured neurons.¹⁷⁰¯¹⁷² Injured neurons undergo degeneration, and recruit 

inflammatory processes around adjacent fibers.⁷⁰,⁹⁶  

 It has been shown that lumbar 4 (L4) spinal nerve ligation (SNL) in mice induced persistent 

hyperalgesia 4–10 days following injury.¹³⁷ To investigate this effect, a nerve ligation test protocol was 

developed for mice based on the widely-used nerve ligation Chung model used in rats.²¹⁰ Roughly 98% of 

sciatic nerve axons arise from the L4 and L5 nerves in rats,¹³⁸ whereas mouse sciatic nerve axons arise 

from the L3 and L4 nerves with a small (< 20%) contribution from the L5 nerve.¹¹⁰ Occasionally, mice will 

have an L6 vertebrae, however nerve innervation has been shown to remain the same in these mice 

(Figure 53).¹³⁸ Thus, ligation of L3 – L5 nerves (Pudendal, Sural, and Tibial nerves) in mice was required for 

experimentation comparing ipsilateral vs. contralateral hind-paw reflex in groups of mice delivered either 

sham ligation,  ligation, or ligation + drug administration.  

 To perform the nerve ligation test in mice, several weeks of training were required on newly 

sacrificed mice. Training consisted of correctly palpating the femur, making a small 5 mm incision parallel 

to and 1.5 mm posterior to the femur, separating muscles close to femur to expose sciatic nerve, using a 

suture to make a surgical knot around the isolated nerve, and guiding nerve, muscle fiber, and skin tissue 

back into location. The incision was then closed with a suture and surgical knot. Key steps of the nerve 

ligation surgery in live mice are shown in Figure 54.  
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In live mice, several steps also need to take place to preserve live tissue. Mice would be placed on 

heat pads once anesthetized and would have eyes and exposed nerves continually lubricated with saline 

solution. Clotting agents would also be readily available to prevent excessive blood loss. Experimentation 

would not begin until after three days post-surgery to allow diminished nerve hypersensitivity.  

6.6 Methods  

Experimental Animals. Male C57/BL6J mice were purchased from Jackson Laboratory (Bar Harbor, ME). 

Animals were housed in a pathogen-free and 12 h light and dark cycle environment under standard 

humidity conditions. Animals had ad libitum access to food and water. UW-Milwaukee and Columbia 

University confirmed that all animal experiments were in compliance with Institutional Animal Care and 

Use Committees.  

Spinal nerve ligation. Paraspinal muscles around L3-S1 nerves were bluntly dissected and the L5 

transverse process was carefully removed to expose the ventral ramus of the L3 – L5 spinal nerves. The 

spinal nerves were tightly ligated with silk suture (6-0; Look, Surgical Specialties Corporation, Reading, PA) 

and transected distal to the ligation. In sham ligated mice, the L5 transverse process was exposed but not 

removed and the spinal nerves were not touched.  

Behavioral testing. In live mice, the radiant heat paw withdrawal test or the Von Frey test can be used to 

assess hypersensitivity. Mice are allowed to freely move on a caged floor surrounded by a plexiglass 

chamber. For the radiant heat paw withdrawal test, heat is applied to the plantar hind paw and reaction 

time is recorded. The Von Frey test involves a probe measuring the force applied to the planter hind paw 

before the mouse reacts to the stimulus. Ipsilateral and contralateral sides are tested in alternation and 

4–5 measurements are obtained for each paw at each time point. Paw withdrawal/reaction latencies are 

assessed at Tmax of compound of interest.  
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6.7 Results and Discussion  

 

Figure 53. Posterior View of Sciatic Nerve Innervation of Mice and Rats. Sciatic nerves in mice typically innervate from L3 – L5 
vertebrae. The pudendal, sural, and tibial nerves all require isolation and ligation for complete distal transection of the sciatic 
nerve. Adaptations to the nerve ligation Chung model in rats was used to perform nerve ligation in mice.¹³⁸ 
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 Training consisted of performing the nerve ligation surgery on the sciatic nerve before advancing 

to ligation of other nerves. As a guide, Figure 53 was used as well as adaptations to the nerve ligation 

Chung model.²¹⁰ 

 

Figure 54. Sciatic Nerve Ligation Surgery in Mice. The right leg of anesthetized mice is shaved and disinfected. A 5 mm parallel 
incision is made 1.5 mm posterior to the femur (Top Left, Top Middle). Muscles close to femur were separated (Top Right) to 
expose sciatic nerve (Bottom Left). A white suture was tied into a surgical knot around the isolated nerve (Bottom Middle). The 
nerve, muscle fiber, and skin tissue were guided back into original location. The incision was then closed with a suture and surgical 
knot (Bottom Right). Pictures from the Javid Bambad ARAS Medical Group.⁶⁹ 

 Successful ligation of the sciatic nerve proved to be difficult in newly sacrificed mice even after 

four weeks of training. Figure 54 diagrams the process of a sciatic nerve ligation in a live mouse (ARAS 

Medical Group).  
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6.8 Conclusion  

At the completion of training, it was determined that the nerve ligation test would not be further 

pursued in live mice. Several factors contributed to this decision, including but not restricted to: limited 

skill identifying and uncovering all nerves innervating the sciatic nerve, difficulty performing successful 

nerve ligations without inflicting unnecessary nerve and muscle tissue damage, and most importantly, 

IACUC concerns regarding a ~50% survival rate post-surgery as reported from collaborators at the Medical 

College of Wisconsin.  

 However, with experienced personnel, the nerve ligation test is a valuable model to express 

allodynia and hyperalgesia in live mice. Comparing sham ligation, ligation, and ligation + drug 

administration provides insight as to the effect a lead compound may have in the treatment of 

neuropathic pain. Furthermore, this test in parallel with the formalin test offers a more complete 

understanding of the underlying mechanisms that may contribute to neuropathic pain. 
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Appendix A – Asthma Compound Structures 
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Appendix B – Pain Compound Structures 
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Appendix C – RotaRod Graphs 
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Figure 7. RotaRod Study of Asthma Compounds with Amide Functionality. Trained female CFW mice (N≥10) were placed on the 
RotaRod at 10, 30, and 60 min after compound administration. The Rotarod was set at a constant speed of 18 rpm. Compounds 
were administered 40mg/kg PO and compared to vehicle as negative control and diazepam as positive control. 
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Figure 8. Asthma Compounds with Amide Functionality. Table shows X and Y groups corresponding to respective functionality. 
Compounds were synthesized according to Jahan et al.⁹  

 Compounds in Figure 8 were synthesized by Rajwana Jahan (RJ) and Michael Rajesh Stephen 

(MRS).⁹ Shown in Figure 7, MRS-I-66 demonstrated the least motor impairment across all time points, 

while the other four amides each were shown to have motor impairment at the 10 mi time points with 

little to no impairment at the following time points.  



142 
 

V
eh

ic
le

D
ia

ze
pam

 (5
 m

g/k
g)

K
R
M

-II
-6

8

R
J-

02
-6

6

M
R
S-0

1-
73

R
J-

02
-6

9

M
R
S-0

1-
67

R
J-

02
-9

0

R
J-

02
-7

0

R
J-

01
-4

6

R
J-

02
-7

1

M
R
S-0

1-
53

R
J-

02
-9

3

R
J-

02
-5

0

0

500

1000

1500

2000 10 min 30 min 60 min

In
s
o

lu
b

le
 in

 v
e

h
ic

le

In
s
o

lu
b

le
 in

 v
e

h
ic

le

In
s
o

lu
b

le
 in

 v
e

h
ic

le

In
s
o

lu
b

le
 in

 v
e

h
ic

le

In
s
o

lu
b

le
 in

 v
e

h
ic

le

In
s
o

lu
b

le
 in

 v
e

h
ic

le

In
s
o

lu
b

le
 in

 v
e

h
ic

le***
***

***

***
***

***
***

***

* = vs. Diazepam (5mg/kg IP)

* = vs. Vehicle (PO)

Rotarod Testing Non-Amides
in Female CFW Mice

***

S
e
c
o

n
d

s
 x

 0
.1

Figure 9. RotaRod Study of Asthma Compounds with Non-Amide Functionality. Trained female CFW mice (N=10) were placed on 
the RotaRod at 10, 30, and 60 min after compound administration. The Rotarod was set at a constant speed of 18 rpm. Compounds 
were administered 40mg/kg PO and compared to vehicle as negative control and diazepam as positive control. Compounds not 
soluble at 500uM in DMSO were excluded from testing. 
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Figure 10. Asthma Compounds with Non-Amide Functionality. Table shows (A) X and Y groups corresponding to respective 
functionality and (B) compounds KRM-II-68. Compounds were synthesized according to Jahan et al.⁹  

Several of the non-amides in Figure 10 were insoluble and were not investigated further. Figure 

9 shows compound KRM-II-68 demonstrated severe motor impairment at all time points, while 

compounds RJ-II-70 and RJ-II-71 had motor impairment at the 10 and 30 min time points. No motor 

impairment was shown in mice treated with RJ-II-66 and RJ-II-50.  
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Rotarod Testing in Female Swiss Webster Mice

V
eh

ic
le

D
ia

ze
pam

 (5
m

g/k
g)

H
C
l 



3-
C
yc

lo
 P

B
C

C
C
t

 H
C
l



3-
P
B
C W

Y
S8

0

50

100

150

200 10 min 30 min 60 min * = vs. Diazepam (5mg/kg IP)

* = vs. Vehicle (PO)

***

**

S
e
c
o

n
d

s

 

Figure 11. RotaRod Study of Phani Babu Tiruveedhula’s Compounds. Trained female CFW mice (N=10) were placed on the 
RotaRod at 10, 30, and 60 min after compound administration. The Rotarod was set at a constant speed of 18 rpm. Compounds 
were administered 40mg/kg IP and compared to vehicle as negative control and diazepam as positive control. 

 

 

 

 

 

 

 



145 
 

Figure 12. Structures of Phani Babu Tiruveedhula’s Compounds. Compounds were synthesized by Phani Babu Tiruveedhula (Cook 
Group) and were subsequently administered 40mg/kg IP and compared to vehicle as negative control and diazepam as positive 
control. 

Lead compounds in Figure 12 from Phani Babu Tiruveedhula (Cook Group) aimed at treating 

alcohol-dependency were delivered to mice and tested on the rotarod. Figure 11 demonstrates a few of 

the mice delivered 3-CycloPBC•HCl and βCCt were unable to complete the entire time on the rotarod at 

the 10 and 30 min, however there was no statistical significance in any of the compounds when compared 

to vehicle-treated mice. 

Rotarod Testing in Female Swiss Webster Mice
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Figure 13. RotaRod Study of Compounds. Trained female CFW mice (N≥10) were placed on the RotaRod at 10, 30, and 60 min 
after compound administration. The rotarod was set at a constant rate of 18 rpm. Compounds were administered and compared 
to vehicle as negative control and diazepam as positive control. 

Compounds synthesized by Taukir Ahmed and Zubair Ahmed Khan (Cook Group) were analyzed 

for impaired motor coordination on the rotarod apparatus and are disclosed in Figure 13. KRM-II-08, TA-

I-12, and TA-I-16 at 10mg/kg IP were shown to have severe motor impairment, sedation, and seizures at 
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all time points. These compounds were immediately rejected as potential drug candidates. ZK-III-51 and 

ZK-III-56 were shown to have no impaired motor coordination, as well as ZK-III-58 despite not all mice 

performing the full time on the rotarod.  

Rotarod Testing of Alpha 4 - Targeting

Isomers in Female CFW Mice
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Figure 14. RotaRod Study of Lalit Golani and Kamal Pandey’s Pain Compounds. Trained female CFW mice (N≥10) were placed 
on the RotaRod at 10, 30, and 60 min after compound administration. The rotarod was set at a constant rate of 18 rpm. 
Compounds were administered and compared to vehicle as negative control and diazepam as positive control. 

Compounds targeting GABAₐRs containing an α4 subunit were synthesized by Lalit Golani and 

Kamal Pandey (Cook Group) and tested for motor coordination up to 4 h after compound administration. 

All four compounds in Figure 14 had significantly less motor impairment when compared to negative 

control 5 mg/kg diazepam (IP), but only 100 mg/kg KRM-II-81 and KRM-II-82 (PO) also had significantly 

more motor impairment when compared to vehicle-treated mice.  
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Rotarod Testing of A5 S-Isomers

 in Female Swiss Webster Mice
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Figure 15. RotaRod Study of Guanguan Lee’s Pain Compounds. Trained female CFW mice (N≥10) were placed on the RotaRod at 
10, 30, and 60 min after compound administration. The rotarod was set at a constant rate of 18 rpm. Compounds were 
administered and compared to vehicle as negative control and diazepam as positive control. 

Imidazodiazepines targeting GABAₐRs containing α5 subunits were synthesized by Guanguan Lee 

(Cook Group), tested on the rotarod apparatus, and presented in Figure 15. All compounds were not 

significantly different than vehicle-treated mice with the exception of GL-I-55 at 10 min and GL-I-43 at the 

10 and 30 min.  
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Rotarod Testing in Female Swiss Webster Mice
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Figure 16. Further RotaRod Testing of Guanguan Lee’s Pain Compounds. Trained female CFW mice (N≥10) were placed on the 
RotaRod at 10, 30, and 60 min after compound administration. The rotarod was set at a constant rate of 18 rpm. Compounds 
were administered and compared to vehicle as negative control and diazepam as positive control. 

Additional compounds synthesized by Guanguan Lee (Cook Group) were analyzed on the rotarod. 

Figure 16 revealed MP-III-023 as having significantly more motor impairment at 10 and 30 min compared 

to vehicle. RV-II-04 treated mice performed extremely poorly and experienced tremors up to one h after 

administration. This compound was not studied further. Compounds in this series that exhibited neither 

cytotoxicity nor sensorimotor impairment are GL-II-31, GL-II-33, GL-II-54, GL-I-65, GL-I-73, GL-I-74, and GL-

I-76. 
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Rotarod Testing of Alpha 5 -

Targeting Isomers in Female

Swiss Webster Mice
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Figure 17. RotaRod Study of Guanguan Lee’s α5-targeting Compounds. Trained female CFW mice (N≥10) were placed on the 
RotaRod at 10, 30, and 60 min after compound administration. The rotarod was set at a constant rate of 18 rpm. Compounds 
were administered and compared to vehicle as negative control and diazepam as positive control. 

        Ligands that selectively bind to the α1 containing GABAAR subtypes affect motor coordination. 

Figure 18 shows α5-selective ligands synthesized by Guanguan Lee (Cook Group). At 40 mg/kg PO, only 

compounds 8a (methyl amide functionality) and 8b (ethyl amide functionality), were shown to have 

significantly higher motor impairment than vehicle at the 10 and 30 min time points, while 8f (dimethyl 

amide functionality) treated mice also had some failures although not significantly different compared to 

vehicle. Figure 17 demonstrates good efficacy in terms of motor coordination for this class of compounds 

with the exception of 8a and 8b.  
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Figure 18. Functionalities of α5-Targeting Compounds Synthesized by Guanguan Lee. Table shows different functionalities at 
two locations from parent compound SH-053-2’F-S-CH₃. 
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Rotarod Testing of Alpha 6 -
Targeting Isomers in CFW Mice
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Figure 19. RotaRod Study of Daniel Knutson’s α6-targeting Compounds. Trained female CFW mice (N≥10) were placed on the 
RotaRod at 10, 30, and 60 min after compound administration. The rotarod was set at a constant rate of 18 rpm. Compounds 
were administered and compared to vehicle as negative control and diazepam as positive control. Compounds not soluble at 500 
µM in DMSO were excluded from testing. 

Compounds targeting α6 containing GABAAR were synthesized by Daniel Knutson (Cook Group) 

and analyzed on the rotarod. DK-I-86-I was insoluble at 40 mg/kg PO and was not included in the study. 

As displayed in Figure 19, no compounds were statistically different than vehicle treated mice. 
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Rotarod Testing of GL-IV-03 in Female CFW Mice
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Figure 20. RotaRod Experiment of Guanguan Lee’s GL-IV-03 Lead Pain Compound. Trained female CFW mice (N≥10) were placed 
on the RotaRod at 10, 30, and 60 min after compound administration. The rotarod was set at a constant rate of 18 rpm. 
Compounds were administered and compared to vehicle as negative control and diazepam as positive control. 

Compound GL-IV-03 (Guanguan Lee) was chosen as a compound of interest and analyzed on the 

rotarod at 10 mg/kg and 40 mg/kg PO and displayed in Figure 20. No significant difference was reported 

when compared to vehicle-treated mice. 
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Rotarod Testing of Allopregnanolone
in Female CFW Mice
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Figure 21. RotaRod Testing of Allopregnanolone. Trained female CFW mice (N≥10) were placed on the RotaRod at 10, 30, and 60 
min after compound administration. The rotarod was set at a constant rate of 18 rpm. Compounds were administered and 
compared to vehicle as negative control and diazepam as positive control. 

In collaboration with Expansion Therapeutics Inc., allopregnanolone (ALLOP), a positive allosteric 

modulator of the GABAₐR, was delivered to mice to analyze motor coordination. ALLOP showed little to 

no sedation or impaired motor coordination in female Swiss Webster mice up to 10 mg/kg (SC), however 

when delivered 30 mg/kg (SC) the motor coordination was severely impaired at the 10 min time point and 

moderately impaired at the 30 and 60 min time points, as revealed in Figure 21. 
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Rotarod Testing of E-9900
in Female CFW Mice
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Figure 22. RotaRod Experiment of E-9900 (Expansion Therapeutics Inc.). Trained female CFW mice (N≥10) were placed on the 
RotaRod at 10, 30, and 60 min after compound administration. The rotarod was set at a constant rate of 18 rpm. Compounds 
were administered and compared to vehicle as negative control and diazepam as positive control. 

Data reported in Figure 22 shows female Swiss Webster mice delivered compound E-9900 and 

expressing no sedation with very little impaired motor coordination up to 100mg/kg (PO).  
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Rotarod Testing in Female CFW Mice
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Figure 23. RotaRod Experiment of E-9948 and E-9963 (Expansion Therapeutics Inc.). Trained female CFW mice (N≥10) were 
placed on the RotaRod at 10, 30, and 60 min after compound administration. The rotarod was set at a constant rate of 18 rpm. 
Compounds were administered and compared to vehicle as negative control and diazepam as positive control. 

When analogs E-9948 and E-9963 (Expansion Therapeutics Inc.) were delivered at concentrations 

up to 300 mg/kg PO, there was no sedation or impaired motor coordination at any time point. As indicated 

in Figure 23, E-9948 and E-9963 can be used in future co-administration studies to determine site-specific 

binding in presence of a GABAₐR antagonist. 
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Rotarod Testing of E-9948 and
Diazepam in Female CFW Mice
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Figure 24. RotaRod Experiment of Single Dose and Co-administration of Diazepam and E-9948 (Expansion Therapeutics Inc.). 
Trained female CFW mice (N≥10) were placed on the RotaRod at 10, 30, and 60 min after Diazepam administration, which 
corresponds to 30, 50, and 80 min after E-9948 administration. The rotarod was set at a constant rate of 18 rpm. Compounds 
were administered and compared to vehicle as negative control and diazepam as positive control. 

Positive control diazepam showed sedation and impaired motor coordination at 5 mg/kg IP while 

compound E-9948 (Expansion Therapeutics Inc.) showed no sedation or impaired motor coordination at 

10 mg/kg (PO). Under the same protocol used in Figure 5, Figure 24 confirms co-administration of 

diazepam at 5 mg/kg (IP) and E-9948 at 30 mg/kg (PO) showing no sedation or impaired motor 

coordination. E-9948 (PO) was delivered 20 min prior to diazepam (IP) to match Tmax values. When 

delivered at concentrations greater than 30 mg/kg, E-9948 was shown to inhibit the sedative and impaired 

motor function normally observed with 5 mg/kg (IP) diazepam administration. When compared to the 
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previous study of flumazenil and diazepam co-administration, E-9948 was shown to have similar effect as 

flumazenil in reducing or completely eliminating the impairing sensorimotor effects of diazepam. 

Rotarod Testing in Female CFW Mice
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Figure 25. RotaRod Testing of Kamal Pandey’s Compounds. Trained female CFW mice (N≥10) were placed on the RotaRod at 10, 
30, and 60 min after compound administration. The rotarod was set at a constant rate of 18 rpm. Compounds were administered 
and compared to vehicle as negative control and diazepam as positive control. 

Compounds synthesized by Kamal Pandey (Cook Group) were analyzed on the rotarod and 

presented in Figure 25. 100 mg/kg KPP-IV-09 (PO) was shown to have significant impaired motor 

coordination at 10 min, while 100 mg/kg KPP-III-34 (PO) was shown to have impaired motor coordination 

up to 4 h after administration.  
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Rotarod Testing in Female CFW Mice
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Figure 26. RotaRod Testing Farjana Rashid’s Compounds. Trained female CFW mice (N≥10) were placed on the RotaRod at 10, 
30, and 60 min after compound administration. The rotarod was set at a constant rate of 18 rpm. Compounds were administered 
and compared to vehicle as negative control and diazepam as positive control. 

Ligands synthesized by Farjana Rashid (Cook Group) were investigated for sensorimotor 

coordination and compared to vehicle-treated mice. Figure 26 indicates FR-I-44 at 40 mg/kg and 80 mg/kg 

PO caused severe motor impairment at 10 and 30 min. An 80 mg/kg dose induced impairment for at least 

one h.  
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Appendix D – Video Conversion and Compilation for Open Field Test 

How to convert and run videos through Ethowatcher: 
 
*Download Version 2.0 VLC (Make sure you set your computer to open these video type as "always" to 
this version of VCL)] 
*Download Ethowatcher (Make sure computer is displaying its resolution at 1920x1080p) 
*Download K-lite_Codec_Pack)1526_Full 
*Download Xvid-1.3.6.20191204 
*Download VirtualDub-1.10.4 
 
Take videos from OneDrive and download/open (videos usually in "MOV" at this step)  
> Open videos in Video Editor (defult program in Windows) 
  > Create video project 
    > Add all of the project's videos 
      > Then only one video on storyboard at a time; 
        > Add each video to the storyboard. 
          > Rotate each video so longest part of the cage is on the x-axis 
            > On top right, click the kebab menu 

> Change the aspect ratio to 4:3  
   > Click finish video 
     > Save at low video quality 
       > Export to desired location (will be in MP4) 
Run video on VCL 
> Go to tools 
  > Effects and filters 
    > Video Effects  
      > Set Saturation to 0 and slightly increase contrast (you will only have to do this step once) 
        > Go to Media  
          > Convert/Save 
            > File selection 

> Click "add" desired video 
   - Under "profile" keep the video at H.264 + MP3 (MP4) 
   - The next button on the right click "MOv/MP4" and with H.264 Save 
   - Browse and put video in desired folder  
   - Image properties filter 
   - Click Start (will have to wait for the time to finish before starting another convert) 
Run Xvid MiniConvert 
  -The source file is the video you just converted. (look at "all file" types) 
  -Target is where you want this new file to go. 
  -Press Convert 
 
Run VirtualDub 
> File 
  > Open  
    > Find your video from the last step  
       - Press open 
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       - Press OK 
  
*If your native video resolution is other than 320 x 240 pixels, you can transform it to this resolution* Try 
the following: 
  
> Go to Video 
  > Filter 
    > Add, and select Resize. (It will open a window) 
      > Under aspect ratio click "disabled" option. In the “new size“, write 320 x 240, and click on OK. 
        > Add Greyscale filter 
          > Go to File  
            > Save as AVI, save your video file. (Will take time to convert.) 
 
  
Make sure computer is displaying resolution at 1920x1080p (Ethowatcher will not work with higher 
resolution) 
 
Run Ethowatcher (Between each video you must close and restart Ethowatcher) 
> Click "Activity Analysis and Tracking" 
  > Once clicked, click "Show All Steps" 
    > Calibration (must do for each video) 
      > Start 
        > Under "images" 
          - Open Video (make sure video has ≤ 5 letters) 
          - Base; pick frame with no animal, then 'capture' 
          - Animal; pick frame with animal, then 'capture' 
          - Background; click on picture where it is the darkest 
 > Under "subtraction" 
   - Move bar and press subtraction preview until the mouse is the only thing you see. 
     
  Skip Erosion 
    - Under "Proc. Area" 
    - Click right image, you will see normal video screenshot 
    - Click 'rectangular' 
    - Set width and height to overshoot the cage a little (210 by 130-ish) 
      - Under 'Enter object diameter.. in cm' type "41" 
        - Under "Finish" 
          - Click Ok 
   -Activity Analysis     
    -Open video (corresponding to previous calibration video) 
    -"Begin at frame" mark frame that first has mouse in video 

-"Finish frame", press forward three times on frame navigation (900                                                                                
frames), then mark frame. 

    - Press "process"  
     - Press "report",  (these are CSV files), create a descriptive file name. 
 
Final Conversion: 
> Go to the Ethowatcher shared Google Drive (might be possible to use the OneDrive version) 
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  > Once you have all of the CSV files, import them to the google masterfile under "CSV"  
    > Go to the Master document and on the top middle there is an 'ethowather' tap. 
      > Click 'import CSV' 
 -will ask a for email, make sure it’s a gmail account. 
 -name the title, the title to the study 
 -put '30' in the FPS (this is if you are still using an iPhone 5) 
-Open email with the compiled CSV files. Save a copy with the google version and save a copy of an excel 
version. 
 
-Add Excel file to OneDrive. Save. 
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Appendix F – Primers 

IL-13 Mouse Primers¹⁹⁹ 
5’TGAGGAGCTGAGCAACATCACACA 3’/5’TGCGGTTACAGAGGCCATGCAATA3’ 
Primer pair 1 
Sequence (5'->3') Length Tm GC% Self complementarity Self 3' complementarity 
Forward primer TGAGGAGCTGAGCAACATCACACA 24 64.36 50.00 5.00 2.00 
Reverse primer TGCGGTTACAGAGGCCATGCAATA 24 64.78 50.00 4.00 2.00 
Products on target templates 
>NM_008355.3 Mus musculus interleukin 13 (Il13), mRNA 
 
product length = 176 
Forward primer  1    TGAGGAGCTGAGCAACATCACACA  24 
Template        179  ........................  202 
 
Reverse primer  1    TGCGGTTACAGAGGCCATGCAATA  24 
Template        354  ........................  331 
 
GAPDH Mouse Primers¹⁹⁹ 
5’TCAACAGCAACTCCCACTCTTCCA 3’/5’ACCCTGTTGCTGTAGCCGTATTCA3’ 
Primer pair 1 
Sequence (5'->3') Length Tm GC% Self complementarity Self 3' complementarity 
Forward primer TCAACAGCAACTCCCACTCTTCCA 24 64.04 50.00 3.00 0.00 
Reverse primer ACCCTGTTGCTGTAGCCGTATTCA 24 64.19 50.00 4.00 2.00 
Products on target templates 
>XM_017321385.2 PREDICTED: Mus musculus glyceraldehyde-3-phosphate dehydrogenase (Gapdh), 
transcript variant X1, mRNA 
 
product length = 225 
Forward primer  1     TCAACAGCAACTCCCACTCTTCCA  24 
Template        1372  ........................  1395 
 
Reverse primer  1     ACCCTGTTGCTGTAGCCGTATTCA  24 
Template        1596  ........................  1573 
 
IL-13 Primers²⁰⁰ 
(forward, ACAGCTCCCTGGT TCTCTCA; reverse, GCTACTTCGATTTTGGTATCG)  
Primer pair 1 
Sequence (5'->3') Length Tm GC% Self complementarity Self 3' complementarity 
Forward primer ACAGCTCCCTGGTTCTCTCA 20 60.18 55.00 4.00 1.00 
Reverse primer GCTACTTCGATTTTGGTATCG 21 54.89 42.86 4.00 2.00 
Products on target templates 
>NM_008355.3 Mus musculus interleukin 13 (Il13), mRNA 
 
product length = 370 
Forward primer  1   ACAGCTCCCTGGTTCTCTCA  20 
Template        34  ....................  53 
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Reverse primer  1    GCTACTTCGATTTTGGTATCG  21 
Template        403  .....................  383 
 
β-Actin Primers²⁰⁰ 
(forward, GATGACGATATCGCTGCGCTG; reverse, GTACGACCAGA GGCATACAGG). 
Primer pair 1 
Sequence (5'->3') Length Tm GC% Self complementarity Self 3' complementarity 
Forward primer GATGACGATATCGCTGCGCTG 21 61.89 57.14 8.00 4.00 
Reverse primer GTACGACCAGAGGCATACAGG 21 59.93 57.14 4.00 2.00 
 
>NM_007393.5 Mus musculus actin, beta (Actb), mRNA 
 
product length = 440 
Forward primer  1    GATGACGATATCGCTGCGCTG  21 
Template        113  .....................  133 
 
Reverse primer  1    GTACGACCAGAGGCATACAGG  21 
Template        552  .....................  532 
 
IL-13 Primers²⁰¹ 
Forward, 5′-GGGTGACTGCAGTCCTGGCT-3′ and Reverse, 5′-GCTGGAGACCGTAGTGGG-3′. 
Primer pair 1 
Sequence (5'->3') Length Tm GC% Self complementarity Self 3' complementarity 
Forward primer GGGTGACTGCAGTCCTGGCT 20 64.29 65.00 10.00 3.00 
Reverse primer GCTGGAGACCGTAGTGGG 18 59.11 66.67 3.00 0.00 
Products on target templates 
 
>NM_008355.3 Mus musculus interleukin 13 (Il13), mRNA 
 
product length = 299 
Forward primer  1   GGGTGACTGCAGTCCTGGCT  20 
Template        79  ....................  98 
 
Reverse primer  1    GCTGGAGACCGTAGTGGG  18 
Template        377  ..................  360 
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