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ABSTRACT 

G protein-coupled receptors (GPCRs) are a large family of seven-transmembrane domain receptors 

that can be activated by endogenous and exogenous ligands including neuropeptides, hormones, 

and neurotransmitters. Approximately 30% of clinically marketed drugs are targeting GPCRs. 

Various GPCRs are involved in modulation of neurophysiological responses in the brain, 

suggesting that GPCRs serve as an important drug target for neurological disorders. Traditional 

GPCR pharmacology has focused on the canonical G protein-mediated signaling pathway of 

GPCRs, but increasing cellular evidence suggests that β-arrestin-mediated signaling pathways are 

also modulating GPCR signaling and affecting pathophysiological responses. Here, the present 

thesis aims to interrogate cellular mechanisms of β-arrestin-mediated signaling and its downstream 

kinase activity in behavioral modulation. I will also briefly examine β-arrestin-mediated ion 

channel modulation and developing in vivo tools for this unique modulation. Altogether, these 

studies advance understanding of GPCR signaling in distinct behavioral modulation and provide 

novel insights to therapeutic developments for neurological disorders targeting GPCRs. 
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CHAPTER 1. INTRODUCTION 

1.1 G protein-coupled receptor (GPCR) signal transduction in the central nervous system 

1.1.1 Canonical G protein-mediated pathways 

Of hundreds of clinically marketed drugs, approximately 30 % of the drugs are targeting GPCRs 

(Hauser et al., 2017). GPCRs mediate various physiological responses of endogenous hormones, 

chemokines, neurotransmitters, and sensory stimuli in the brain (Pierce et al., 2002). An early 

concept of GPCRs as a ‘receptive substance’ was first asserted by the British pharmacologist, John 

N. Langley in 1905 (Langley, 1905). Yet Langley’s idea was not recognized until the concept was 

further developed by his student Sir Henry H. Dale forty years after Langley’s initial assertion 

(Hill, 2006; Lefkowitz, 2013). The concept of GPCR as well as its mechanisms have been 

dramatically advanced in part due to the development of radioligand binding studies in the late 

1960s and 70s (Hill, 2006). These advances have helped recognize GPCRs not only as a key 

regulator for physiological responses, but also as an attractive therapeutic target. When 

endogenous and exogenous ligands target GPCRs, downstream intracellular signaling pathways 

are primarily mediated via heterotrimeric G proteins (Figure 1.1). Heterometric G proteins consist 

of three subunits including alpha, beta and gamma subunit. Of these three subunits, the Gα subunit 

can be further subclassified into four distinct subunit families: Gαs, Gαq, Gαi/o, and Gα12/13, which 

will be referred as Gs, Gq, Gi and G12/13 from here on. The Gs proteins can stimulate the downstream 

adenylyl cyclase (AC) and increase subsequent cyclic adenosine monophosphate (cAMP) levels, 

whereas Gi proteins opposingly modulate AC decreasing subsequent cAMP levels (Ritter & Hall, 

2009). Generated cAMP subsequently activates downstream protein kinase A (PKA), which 

regulates cellular dynamics including differentiation, proliferation, and cell cycle in tissue- and 

organ-specific manner through its effector mitogen-activated protein kinase (MAPK) (Lefkowitz 

et al., 2002; Tasken & Aandahl, 2004). For instance, PKA activation in neurons is required for 

neuronal survival and synaptic plasticity via downstream extracellular signal-regulated kinase 1 

and 2 (ERK1/2) signaling, one of three MAPK signaling pathways (Martin et al., 1997; Villalba 

et al., 1997). In contrast to Gs and Gi-protein modulation of AC, Gq proteins activate phospholipase 

Cβ (PLCβ) and modulate protein kinase C (PKC) and intracellular calcium levels through inositol 

1,4,5-trisphosphate (IP3) production (Ritter & Hall, 2009). Additionally, PLCβ also cleaves 
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membrane-bound phospholipid phosphatidylinositol 4,5-bisphosphate (PIP2) into diacyl glycerol 

(DAG) and IP3, which can further increase intracellular calcium levels. Intracellular calcium levels 

play a critical role in neuronal excitability (Yamamoto et al., 2002) as well as neuronal 

proliferation (Hasbi et al., 2009), and changes in neuronal functions have been heavily implicated 

in various neuropsychiatric and neurodegenerative disorders. G12/13 proteins are the fourth Gα 

subunit that activates Rho guanine-nucleotide exchange factors (Rho-GEFs) and mediate 

physiological responses of the cells (Siehler, 2009); however, detailed molecular signaling in the 

CNS has not been fully understood. 
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Figure 1.1 Diagram depicting GPCR signal transduction through canonical G protein-mediated 
pathways 

Upon binding of receptor ligands, heterometric G proteins consisting of three subunits, including 
alpha, beta and gamma subunits, are recruited to the receptor. Depending on the subtypes of G 
alpha subunit, GPCRs can initiate different intracellular signaling pathways. The current diagram 
is adapted from (Ritter & Hall, 2009). 
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1.1.2 Non-canonical β-arrestin-mediated pathways 

Upon activation of GPCRs, the heterotrimeric G protein dissociate from the receptor, and G 

protein-receptor kinase (GRK)-mediated phosphorylation prevents further activation of GPCRs 

(Figure 1.2) (Zhang et al., 1997). The phosphorylation triggers a cascading event of receptor 

desensitization and internalization upon recruitment of β-arrestin, which has a high affinity for 

phosphorylated GPCRs (Freedman & Lefkowitz, 1996). Two isoforms of β-arrestin (i.e. β-arrestin 

1, 2 equals Arrestin 2, 3) – there are also highly homologous visual arrestins (Arrestin 1 and 4) 

that interact with rhodopsin GPCRs – were first characterized as a downstream effector of β2-

adrenergic receptors, which limits G protein receptor signaling (Lohse et al., 1990; Wilden et al., 

1986). Non-canonical β-arrestin-mediated GPCRs signaling pathways were previously known as 

a key modulator for receptor desensitization and internalization of the receptor signaling 

(Freedman & Lefkowitz, 1996). Upon binding of β-arrestin to GPCRs, β-arrestin further assists 

the interaction of receptors with clathrin that further accelerates internalization of the receptor into 

endosomes or helps the receptor recycle back to the membranes. Depending on binding affinity of 

β-arrestin to the receptors, GPCRs can be classified into two groups: Class A and Class B (Pierce 

& Lefkowitz, 2001). For Class A GPCRs such as β2-adrenoceptors, β-arrestin 2 translocates to 

receptors, internalizes receptors, but before they reach to endosome, β-arrestin 2 rapidly dissociates 

from receptors, resulting the receptors to be recycled back to membranes (Oakley et al., 2000). For 

Class B GPCRs such as angiotensin receptor AT1A or the vasopressin V2 receptor, β-arrestin 1 

and 2 equally translocate to receptors, internalize them, but stay co-localized until the receptors 

reach the endosome (Oakley et al., 2000), allowing distinctive receptor trafficking profile in cells. 

In addition to their function as chaperones in receptor trafficking, both β-arrestin isoforms can 

scaffold with various downstream effectors and kinase (Luttrell & Miller, 2013), and thereby 

contribute to G-protein-independent signal transduction. For instance, β-arrestin can scaffold with 

extracellular signal-regulated kinases 1 and 2 (ERK1/2) upstream, cRaf-1-MEK1/2 to promote 

MAPK signaling (Morrison & Davis, 2003). Depending on the receptor, ERK1/2 can be activated 

upon binding with β-arrestin in the clathrin-coated pits or when β-arrestin-clathrin complex is 

internalized as a form of vesicle (Ranjan et al., 2016). Activated ERK1/2 can modulate basic 

dynamics of cells such as differentiation and proliferation through transcriptional modulation, and 

thus it plays a key role in cellular functions (Cassier et al., 2017; Cruz & Cruz, 2007). Besides 
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cRaf-1-MEK1/2-ERK1/2 signaling, β-arrestin can also scaffold with a wide range of proteins 

including mouse double minute 2 homolog (MDM2) and E3 ligase, leading to proteasome-

dependent destruction (Figure 1.5) (Girnita et al., 2007). Alternatively, β-arrestin can scaffold 

with inhibitor (IκBα) of nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) 

and modulate NF-κB-mediated gene regulation (Witherow et al., 2004), resulting in inflammatory 

responses or cell survivals. β-arrestin can also serve itself as a downstream effector and affect 

cellular functions at transcriptional levels (Cassier et al., 2017; Cruz & Cruz, 2007; Witherow et 

al., 2004). Therefore, given β-arrestin’s ability to ubiquitously modulate cellular functions, it is 

clear that β-arrestin serves as an attractive drug target for future drug development.  
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Figure 1.2 Diagram depicting GPCR signal transduction through non-canonical β-arrestin-mediated pathway  
 
Once the receptor is activated, heterometric G proteins are dissociated from the receptor and C terminals of the receptor can be 
phosphorylated by GRK. This phosphorylation further desensitizes the receptor as β-arrestin proteins are recruited to the receptor. 
Together with other vesicle complex proteins such as clathrin, β-arrestin internalizes the receptor. Depending on the interaction between 
receptor and β-arrestin, the receptor can be either depredated in lysosome or recycle back to the membrane. The current diagram is 
adapted from (Ritter & Hall, 2009).
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1.1.3 Signal bias of GPCR: Implication for drug discovery  

In classical pharmacology, drugs have been characterized by two important properties: 1) affinity, 

the ability of a drug to bind to a receptor, and 2) efficacy, the ability of a drug to produce responses 

upon binding to a receptor (Urban et al., 2007). Based on these two properties, GPCR-targeted 

ligands have been categorized as full agonists, partial agonists, inverse agonists, or antagonists. 

For instance, in this concept, a drug characterized as an agonist is expected to activate overall 

signaling pathways linked to a target receptor to the same degree, whereas a drug characterized as 

an antagonist, is expected to inhibit overall signaling pathways linked to a target receptor to the 

same degree (Urban et al., 2007). However, accumulating studies have identified that a drug does 

not always activate or inhibit all signaling pathways of a target GPCRs at the same degree, meaning 

that a drug can equally activate signaling pathways in an unbiased (balanced) manner or activate 

one or the other in a biased (unbalanced) manner (Whalen et al., 2011), which is later referred as 

‘signal bias’ or ‘functional selectivity’ (Rankovic et al., 2016). An example of signal bias was first 

found by ligands that target muscarinic acetylcholine receptor (mAchR). The mAchR ligand, 

carbachol, activates both Gs-mediated cAMP and Gq-mediated PLC signaling at mAchR, whereas 

studies have also found that other ligands of mAchR such as pilocarpine do not activate Gs-

mediated cAMP, yet only activate PLC signaling (Fisher et al., 1993; Gurwitz et al., 1994; 

Rajagopal et al., 2010). These findings first introduced a concept that a ligand can preferably 

activate one signaling over another signaling pathway. Later studies further expanded the concept 

of signaling bias to non-canonical β-arrestin signaling (Lewis et al., 1998; Whistler & von Zastrow, 

1998). The concept of signal bias has further helped researchers identify detailed molecular 

mechanisms of a ligand. For instance, carvedilol – a small-molecule ligand of β1- and β2-

adrenergic receptors – was previously known as an antagonist or inverse agonist due to carvedilol’s 

properties of lowering cAMP levels in cells expressing β-adrenergic receptors. Yet, a later study 

discovered that carvedilol in fact activates β-arrestin-mediated pathways, whereas it inhibit G 

protein-mediated pathways in a biased manner (Wisler et al., 2007). 

Modern pharmacology has begun to utilize signal bias concept to avoid adverse effects 

linked to distinct GPCR signaling pathways. An early example of the potential power of a strategy 

focused on developing biased agonists came from a study by Bohn et al., which identified that 

mice lacking β-arrestin 2 show significantly high analgesic effects of morphine (Bohn et al., 1999). 



 
 

24 
 

A follow-up study by Raehal et al. reported a potential link between β-arrestin 2 and adverse 

effects of morphine such as constipation and respiratory suppression by morphine usage (Raehal 

et al., 2005). Morphine is a powerful analgesic drug targeting μ-opioid receptor, but upon binding 

to μORs it recruits β-arrestin, albeit weaker than the endogenous opioids (Martini & Whistler, 

2007). Under the hypothesis that β-arrestin recruitment by μOR agonist reduces potency and 

increases the likelihood of side effects, a G protein-biased opioid, TRV130, was produced. which 

provided more potent analgesic effects together with low on-target adverse effects in humans 

(Soergel et al., 2014).  

1.1.4 Developing β-arrestin-targeting therapeutics for neurological disorders 

For the past two decades, our knowledge on the roles of the non-canonical β-arrestin pathways in 

GPCR signaling has been dramatically expanded (Bond et al., 2019; Schmid & Bohn, 2009; Shukla 

et al., 2011). While studies have suggested a potential link between β-arrestin pathways and 

adverse effects of a drug such as morphine, accumulating studies have also demonstrated 

therapeutic effects of β-arrestin-biased ligands. An intriguing example that provides evidence of 

the therapeutic potentials of β-arrestin pathways comes from the study of dopamine D2 receptors. 

It was originally thought that clinically effective anti-psychotic drugs exerted their therapeutic 

effects by inhibiting the interaction of D2-β-arrestin (Masri et al., 2008), but subsequent 

discoveries found that β-arrestin pathways are essential for more effective therapeutic effects of 

antipsychotic drugs (Allen et al., 2011; Beaulieu et al., 2008). Moreover, a later study by Urs et al. 

revealed that cellular responses to β-arrestin-biased D2 ligands are not equal across the brain (Urs 

et al., 2016). Their new biased D2 agonist, UNC9994A, exhibited anti-psychotic effects by 

promoting β-arrestin-D2 interaction in the mouse prefrontal cortex while inhibiting β-arrestin-D2 

interaction in the mouse striatum (Urs et al., 2016). This can be due to distinct expression levels 

of β-arrestin isoforms and associated GRK isoforms across the brain regions (Attramadal et al., 

1992; Bjork et al., 2008; Reiter & Lefkowitz, 2006). The authors demonstrated differences in 

expression levels of GRK2 and β-arrestin 2 in the mouse prefrontal cortex and striatum (Urs et al., 

2016). It is noteworthy that β-arrestin 1 has higher expression levels than β-arrestin 2 expressions 

in striatal regions (Attramadal et al., 1992; Bjork et al., 2008; Gurevich et al., 2002), whereas β-

arrestin 2 is highly expressed in the dorsal hippocampus and amygdala (Attramadal et al., 1992; 

Bjork et al., 2008), and thus the unique differences in expression levels of the two isoforms need 
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to be considered when developing β-arrestin-biased drugs. Several studies have indeed reported 

how distinct β-arrestin isoforms affect different types of behavioral responses. The absence of β-

arrestin 2 isoform significantly impaired consolidation of object recognition memory and spatial 

memory, and expression of β-arrestin 2 in the entorhinal cortex recovered the impaired memory 

function, suggesting a role of β-arrestin 2 in memory consolidation (Liu et al., 2015). β-arrestin 2 

is also involved in the pathogenesis of Alzheimer’s disease by interacting with γ-secretase that can 

increase generation of amyloid-β peptides (Thathiah et al., 2013). Studies have also reported a 

protective role of β-arrestin 1 against SNC80 (δ-opioid receptor agonist)-induced convulsion in 

rodents (Vicente-Sanchez et al., 2018), and increased alcohol consumption in females mice 

(Robins, Chiang, Berry, et al., 2018). It is clear that both isoforms have unique roles in the 

pathophysiology and behavioral phenotypes linked to various neuropsychiatric and 

neurodevelopmental disorders, and thus these differences in expression levels and behavioral 

modulation need to be taken into consideration for future drug development targeting β-arrestin 

pathways.  

1.2 Crosstalk between GPCRs and ion channels 

1.2.1 G protein-mediated ion channel modulation  

Ion channels are a member of membrane proteins that direct flux of ions. Activation of ion 

channels in cellular membranes determines intrinsic membrane potentials, and activation of ion 

channels in the axon modulates axonal propagation and synaptic transmission in the brain. While 

ion channels can be activated by direct binding with ligands or changes in membrane potentials, 

they can also be activated by downstream effectors of GPCRs. It has been suggested that ion 

channels engage with several unique signaling pathways such as G protein- or β-arrestin-mediated 

pathways (Figure 1.3). For instance, two main ion channel families modulated by G protein 

pathways include voltage-dependent Ca2+ channels (Cav) and G protein-activating inwardly 

rectifying K+ channels (GIRKs or Kir). The involvement of G proteins in the inhibition of Cav was 

first shown by Holz et al. and McFadzean et al. who demonstrated that inhibition of Cav current 

was blocked by pertussis toxin, a known inhibitor of G protein activity (Holz et al., 1986; 

McFadzean et al., 1989). Further studies identified that the Gβγ subunit of G proteins is in fact a 

distinct regulator that modulates Cav currents when Gβγ subunit dissociates from the receptor 
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(Herlitze et al., 1996). The Gβγ interacts with multiple binding sites of Cav, including their C-

terminus of the α1 subunit, N-terminus, and I-II linker, and binding of these sites allows for a 

conformational change of the channel in order for them to be inactive (Mochida, 2019). 

Modulation of intracellular calcium levels via Cav is particularly vital for maintaining the synaptic 

functions. The Cav2 families expressed heavily in the presynaptic terminals of neurons control 

synchronous neurotransmitter release from synaptic vesicles by facilitating presynaptic Ca2+ entry 

and synaptic plasticity between neurons (Mochida, 2019), and thus play a pivotal role in functional 

dynamics of neural circuits. The G protein also regulates Kir3 channels in a similar mode of action. 

Upon binding of Gβγ to the N-terminus of the GIRK channels, Gβγ results in the channels to open 

(Ivanina et al., 2003). This mechanism seems to be specific to Gi/o not to Gs or Gq, which can be 

explained by the fact that the opening of the channel allows efflux of potassium ions, which results 

in hyperpolarization of the cell membrane, and this mechanism of action ultimately leads to the 

inhibitory modulation to intrinsic properties of the cells (Lujan et al., 2014). Clearly, GPCRs have 

the ability to impact ion channel function through their G protein-dependent downstream signaling. 

To what degree β-arrestins modulate ion channel activity will be further discussed in the following 

section. 

1.2.2 β-arrestin-mediated ion channel modulation 

Besides G protein-mediated modulation of ion channels, increasing evidence implicates β-arrestin 

in the modulation of ion channels (Lefkowitz et al., 2006). β-arrestin-mediated ion channel 

modulation can be characterized as either direct modulation by β-arrestin itself or indirect 

modulation by β-arrestin-mediated downstream effectors. The first discovery of a direct interaction 

between β-arrestin and ion channels was found by a proteomics study on β-arrestin-interacting 

proteins (interactome) that elucidated the interaction between β-arrestin and transient receptor 

potential (TRP) channels (Xiao et al., 2007). TRP channels are calcium-permeable channels known 

to mediate thermal, chemical, and mechanical sensation to noxious stimuli by expressing in various 

neurons including the primary sensory neurons (Clapham et al., 2001). Both β-arrestin isoforms 

have been linked to the modulation of a particular TRP channel; β-arrestin 1 has been found to 

directly interact with TPRV4 by ubiquitinating the channels via recruitment of atrophin 1-

interacting protein 4 (AIP4), an E3 ubiquitin ligase for TRPV4 (Shukla et al., 2010), whereas β-

arrestin 2 desensitizes TRPV1 channels by dephosphorylating TRPV1 channels through 
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phosphodiesterase 4D5 (PDE4D5) (Por et al., 2012). A later study by Rowan et al. further reported 

that β-arrestin 2-dependent crosstalk between μ-opioid receptors (μORs) and TRPV1 has a 

physiological consequence in that it increases thermal sensitivity of mice (Rowan, Bierbower, et 

al., 2014). Upon activation of μORs by morphine, β-arrestin 2 is recruited away from TRPV1 

channels and the absence of β-arrestin 2 results in phosphorylation and activation of TRPV1 that 

can lead to increases in thermal sensitivity (Rowan, Bierbower, et al., 2014). This mechanism of 

action on β-arrestin 2-mediated interaction between μORs and TRPV1 may also explain previously 

known opioid-induced hyperalgesia – increase in sensitivity to painful stimuli (Chen et al., 2008; 

Vardanyan et al., 2009). Interactions between GPCRs and TRP channels also affect synaptic 

transmission in neurons. Activation of angiotensin II receptor that recruits β-arrestin 1 away from 

TRPC3 channels has shown to activate TRPC3 channels via conformational changes and 

subsequently increase the intracellular calcium influx during the activation of the channels (Liu et 

al., 2017). Calcium ions play a crucial role in vesicle release by facilitating the release (Borst & 

Sakmann, 1996), and thus the increases in calcium in these TRPC3-expression neurons can 

facilitate catecholamine vesicle release (Liu et al., 2017). β-arrestin can mediate the interaction 

between GPCRs and ion channels via an indirect mechanism of action. A study by Tzingounis et 

al. reported β-arrestin 2 mediates modulation of Cav3.2 through ERK1/2 signaling at β-adrenergic 

receptor in hippocampal pyramidal cells (Tzingounis et al., 2010). A later study by Yang et al. 

elaborated that β-arrestin 2-mediated ERK1/2 signaling at dopamine D3 receptor also mediate 

Cav3.2 modulation at axon initial segment of cartwheel cells in the dorsal cochlear nucleus (Yang 

et al., 2016). These results demonstrate that β-arrestin plays a role not only in the direct modulation 

of ion channels, but also in the indirect modulation of ion channels through downstream kinases. 
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Figure 1.3 Crosstalk between GPCRs and ion channels through canonical and non-canonical 
GPCR signaling pathways 

GPCRs can crosstalk with various ion channels such as Cav2.1-3 and GIRK channels through 
canonical G protein-mediated pathways or Cav3.2 and TRPV1 channels through non-canonical β-
arrestin-mediated pathways.
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1.3 Mitogen-activated protein kinases (MAPK) signaling 

1.3.1 RTK-dependent (trans)activation of MAPK signaling 

As stated earlier, MAPK phosphorylation is a common and an important downstream effector of 

GPCR activation. Extracellular signals are transmitted into the intracellular targets via multiple 

tiers of regulatory signaling molecules known as MAPK signaling. These signaling networks are 

also involved in the transmission of cytoplasmic signals to the nucleus that can further affect 

cellular function and dynamics (Seger & Krebs, 1995). There are three major families of MAPK 

signaling: ERK1/2, c-Jun N-terminal kinase (JNK), and p38 pathways. MAPKs signaling can be 

initiated by two large receptor category including receptor tyrosine kinase (RTKs) and GPCRs. 

The RTKs are a cell-surface receptor family that is comprised of ligand-binding domains in the 

extracellular regions, protein kinase domains with additional carboxy terminal in the cytoplasmic 

regions, and additional regions. Various signaling proteins (e.g. Epidermal growth factor, insulin, 

nerve growth factor, and others) can activate the RTKs and further transform the ‘inactive’ 

monomeric or oligomeric RTKs into ‘active’ ligand-induced dimerization (Schlessinger, 2000). 

Active status recruits various adapters and effectors such as growth factor receptor-bound-2 (Grb2) 

and son of sevenless (Sos) that can further activate Ras and its downstream Raf-MEK1/2-ERK1/2 

signaling (Wetzker & Bohmer, 2003). In the early 90s, the RTK-mediated activation of ERK1/2 

was thought to be linear and Ras-dependent, but later studies discovered that Ras and ERK1/2 

activation can be initiated by various intracellular signaling pathways (McKay & Morrison, 2007). 

Ras-independent pathways were initially reported by Daub et al. (Daub et al., 1996). In this study, 

the authors demonstrated that GPCRs can modulate activation of RTK subtype, epidermal growth 

factor receptor (EGFR) (Daub et al., 1996). This phenomenon that an activated receptor activates 

a heterologous receptor signaling was referred to as ‘transactivation’ (Daub et al., 1996). During 

the transactivation, various mediators of GPCRs such as phosphatidylinositide 3-kinase (PI3K), 

PKC, and Rap1 affect RTKs signaling, in particular MAPK signaling (Wetzker & Bohmer, 2003). 

Multiple physiological events such as proliferation, differentiation, migration, and survival are 

mediated by the transactivation (Shah & Catt, 2004). For instance, δORs activate ERK1/2 

signaling via integrin-stimulated RTKs signaling (Eisinger & Ammer, 2008), which is thought to 

be involved in opioid-induced neurogenesis in neuronal cells. However, at the same time, 

accumulating studies have also suggested that ERK1/2 can be activated in a RTK-independent 
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manner through unique GPCR-mediated intracellular signaling pathways (Belcheva et al., 2005; 

Kramer et al., 2002), which will be introduced in the next section. 

1.3.2 GPCR-dependent activation of MAPK signaling 

The initiation of the MAPK cascade is not restricted to RTKs-mediated activation or 

transactivation. Various GPCR signaling pathways themselves also serve as key modulators for 

MAPK signaling. Two main GPCR signaling pathways – G protein- and β-arrestin-mediated 

pathways – are involved in ERK1/2/MAPK activation. For G protein-mediated pathways, Gα 

subunit families have been implicated in initiating ERK1/2 activation. As previously described, Gs 

and Gi/o subunits can respectively stimulate or inhibit AC-dependent cAMP production through 

PKA activation (Figure 1.4) (Ritter & Hall, 2009). Subsequent increase in cAMP production leads 

to direct activation of exchange protein directly activated by cAMP (EPAC), which activates Rap1 

as well as BRaf, both are upstream of MEK1/2-ERK1/2 signaling (Jain et al., 2018). On the 

contrary, activation of PKA by Gs protein can also inhibit cRaf1 as well as subsequent MEK1/2-

ERK1/2 signaling, whereas decrease in activation of PKA by Gi/o activates cRaf1 as well as 

subsequent MEK1/2-ERK1/2 signaling (Jain et al., 2018). Gq subunit, however, has unique 

signaling mechanisms through PLCβ, upstream of PKC, which interacts with cRaf1 and increases 

the downstream MEK1/2-ERK1/2 activity (Goldsmith & Dhanasekaran, 2007). While underlying 

mechanisms are unclear, Gβγ subunit can activate MEK1/2-ERK1/2 signaling though PLCβ and 

its various downstream signaling molecules such as pyruvate kinase 2 (Pyk2), Src, and Ras, which 

can further activate cRaf1 and MEK1/2-ERK1/2 signaling pathways (Goldsmith & Dhanasekaran, 

2007). In comparison to G protein subunits, β-arrestin activates downstream MAPKs signaling as 

a form of scaffolding (Figure 1.5). β-arrestin recruits downstream effectors (cRaf1-MEK1/2-

ERK1/2) and stabilize the structure to activate the downstream effectors (Morrison & Davis, 2003; 

Strungs & Luttrell, 2014). More detailed mechanisms by which ERK1/2 is activated by β-arrestin 

were further elucidated by Cassier et al. where they demonstrated phosphorylation of β-arrestin 2 

at Thr383 by MEK1/2 further creates a binding pocket for ERK1/2 in the C-terminal domain of β-

arrestin, and ultimately allows ERK1/2 activation (Cassier et al., 2017). Traditional models of 

GPCRs envisioned β-arrestin signaling as a terminator of receptor signaling, but a series of 

evidence clearly suggests that both G protein and β-arrestin signaling pathways participate in a 
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meaningful interaction with downstream kinases and effectors, and thus present a possibility to 

serve as unique GPCR-mediated signaling regulators.
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Figure 1.4 Detailed downstream signaling pathways of G protein subfamily and their subsequent 
transcriptional modulation 

Upon activation of GPCR, G alpha protein can initiate various signaling pathways depending on 
their subtypes coupled with GPCRs. Gi/o and Gs protein can opposingly modulate adenylyl 
cyclase and its downstream PKA can activate Epac and Rap1, upstream of BRaf-MEK1/2-ERK1/2 
signaling, whereas Gq protein can interact with PLC and PKC, subsequently activating cRaf1-
MEK1/2-ERK1/2 signaling. Activation of ERK1/2 can further phosphorylate a transcriptional 
factor, Elk-1, which can further facilitate transcriptions of several genes.
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Figure 1.5 Detailed downstream signaling pathways of β-arrestin signaling and their subsequent 
transcriptional modulation 

β-arrestin signaling can activate cRaf1-MEK1/2-ERK1/2 and further phosphorylate transcriptional 
factors Elk-1 as well as p90RSK. These transcriptional factors or β-arrestin itself can further 
facilitate transcription of several genes including IEGs and C-fos. For detailed modulation at 
transcriptional levels, see Chapter 5.4. β-arrestin can also interact with other downstream effectors 
such as IkBa and Mdm2 that can further affect cellular functions such as survivals or cell death.
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1.4 Neural basis of emotion and pain 

1.4.1 Behavioral paradigms for investigating anxiety and fear  

In the present thesis, a major focus is placed on the investigation of GPCR signaling of β-arrestin 

and ERK1/2 in the modulation or control of behavior. As the thesis primarily utilizes δ-opioid 

receptors (δORs) as a model GPCR, the research described in this thesis utilizes behavioral 

endpoints related to δORs-mediated behaviors: emotion (Dripps & Jutkiewicz, 2018; Pradhan et 

al., 2011) and pain (Pradhan et al., 2011; Wang et al., 2018). In the following section, I will explain 

the circuitry of these behaviors as well as description of preclinical models to investigate these 

behaviors. Anxiety is a state of emotion that can occur in response to potential danger. While 

anxiety helps an organism be prepared for an imminent threat, excessive anxiety to specific objects 

or situations even in the absence of true danger can be defined as an anxiety disorder (Shin & 

Liberzon, 2010). According to a national survey, the lifetime prevalence of the anxiety disorder is 

approximately 30 % (Kessler et al., 2005), suggesting the potential impact to the society. In an 

attempt to model the human anxiety behavior, various animal behavioral paradigms have been 

developed. These paradigms integrate the contrasting tendency of an animal to engage in 

exploratory environment against the aversive properties such as an open area (open field test), 

bright light (dark-light box test) and elevated space (elevated plus maze or zeromaze) (Carola et 

al., 2002; Crawley, 1985). A more complex form of anxiety (i.e. fear) requires learning 

components. A pioneered work of learning behaviors was initially reported by Ivan Pavlov in 

1927. He found that ringing a bell before a dog was fed can associate the bell with the food and a 

dog would even salivate to the bell sound alone. This behavior was later characterized as 

associative learning or as Pavlovian conditioning (Pavlov, 2010; Pearson, 2012). Ever since, the 

Pavlovian conditioning has been further developed into various form of associative learning 

behavioral paradigms including a paradigm that evaluate fear-related behaviors.  

Fear is also a complex anxiety-related behavior that requires memory components. While 

fear can be evoked by stimuli that elicit the status of threat, excessive fear in the absence of the 

threat can be characterized as pathological symptoms of post-traumatic stress disorder (PTSD). In 

a classical fear conditioning paradigm, when the aversive event represented as an unconditioned 

stimulus (US) is paired with the neutral stimulus (e.g. sound or light) through an associative 

learning process, the US becomes the conditioned stimulus (CS) (Maren, 2001). When the CS is 

presented alone, it can evoke aversive responses that can be measured by increased defensive 
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behavior such as freezing behaviors of an animal (Fendt & Fanselow, 1999; LeDoux, 2000). In 

this paradigm, various memory acquisition phases (e.g. acquisition, consolidation and retrieval 

phases) and different associative memories (e.g. cued or contextual) can be evaluated using 

different protocols. For instance, if the cued CS such as sound or light is paired with an aversive 

event (such as foot-shock or loud noise), this can establish cued fear conditioning. If the context 

of the fear conditioning chamber is utilized to pair the US, this can establish contextual fear 

conditioning during the memory acquisition period (Maren, 2001). Alternatively, varying the time 

to reintroduce the CS after the primary conditioning period can particularly evaluate memory 

retrieval phases (Maren, 2001).  

1.4.2 Neural circuits of anxiety and fear  

Different brain circuits are involved in executing varied behavioral phenotypes. A complex 

network of the brain structures such as the basal ganglia (e.g. striatum, nucleus accumbens) and 

limbic systems (e.g. amygdala and hippocampus) have been implicated in emotional behaviors 

(Figure 1.6). In particular, a unique case of human patient S.M. depicts the importance of the 

amygdala in emotional behaviors. S.M. was a patient with a focal bilateral amygdala lesion 

(Adolphs et al., 1994) who was unable to read facial expression of fear of others and did not exhibit 

fear to exposures of the patient to fear-evoking stimuli such as snakes and a haunted house 

(Feinstein et al., 2011). While the role of amygdala in fear has been well-documented, it is 

important to understand microcircuits of fear and anxiety that incorporate the amygdala in order 

to fully evaluate the circuits involved in emotion (Figure 1.7). The amygdala is anatomically and 

functionally divided into two sub-regions including the basolateral amygdala (BLA) and the 

central amygdala (CeA) that receives sensory inputs from the thalamus and the primary sensory 

cortex. The BLA is comprised of 80 % glutamatergic spiny neurons that projects to the CeA and 

20 % GABAergic neurons (McDonald, 1982b, 1985; Rainnie et al., 2006). The CeA is sub-divided 

into the lateral CeA (lCeA) and medial CeA (mCeA) and mostly comprised of GABAergic neurons 

(McDonald, 1982a; Oka et al., 2008). The mCeA neurons can project into other brain regions that 

are involved in freezing behaviors such as the periaqueductal grey (PAG) (Duvarci et al., 2009) or 

in anxiety such as the bed nucleus of the stria terminalis (BNST) for anxiety-related behavior 

(Dong et al., 2001). Recent optical and electrophysiological studies have further identified two 

functional neuronal groups in the lCeA that are involved in the fear learning. One subpopulation 
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is lCeAoff cells that expresses protein kinase C δ (PKCδ) and another subpopulation is lCeAon cells 

without PKCδ (Ciocchi et al., 2010; Haubensak et al., 2010). Haubensak and colleagues further 

identified that the PKCδ-positive lCeAoff cells directly inhibits mCeA neurons that projects to the 

PAG and modulate freezing behaviors following the fear conditioning (Haubensak et al., 2010).  

The amygdala alone, however, cannot fully function or process emotion without the help 

of other brain regions such as striatum. It has been suggested that unidirectional output from the 

BLA to the striatum, the nucleus accumbens (NAC), and the BNST is crucial to translate the BLA 

signal to behaviors (Janak & Tye, 2015). The striatum is anatomically divided into the dorsal 

striatum and the ventral striatum also known as the NAC, which further differentiates into shell 

and core (Deutch & Cameron, 1992; Zahm & Heimer, 1990). Inactivation of both shell and core 

of the NAC showed an impairment in acquisition and expression of fear-potentiated startle 

response in mice, and it has suggested that increased dopamine levels are correlated with NAC 

shell in contrast to the core during fear conditioning (Pezze et al., 2002). In humans, the NAC has 

been known to receive strong afferents from the BLA (Pezze & Feldon, 2004; Sturm et al., 2003). 

Studies revealed that synthesis of dopamine in the NAC and the BLA are both crucial in the 

formation of fear conditioning (Fadok et al., 2010; Pezze & Feldon, 2004). Given that the NAC 

shells has high expression of D1 and D3 receptors together with dense distribution of various 

neuropeptides including enkephalin, substance P and neurotensin (Heimer, 2000), it is likely that 

the NAC shells may be involved in the fear conditioning process through these various inputs.  

Besides the NAC, the hippocampus also plays a key role in fear conditioning as a form of 

associative learning. Anatomical and functional studies have suggested that the hippocampus is 

segregated into the dorsal hippocampus that mediate spatial memory (Moser & Moser, 1998; 

Swanson & Cowan, 1977) and the ventral hippocampus that mediate emotional behaviors 

(Fanselow & Dong, 2010; Jimenez et al., 2018). Yet, pharmacological studies targeting 

GABAergic, serotonergic, and cholinergic systems in the dorsal hippocampus have suggested that 

the dorsal hippocampus is also involved in the modulation of anxiety-related behaviors (Engin & 

Treit, 2007; File et al., 2000). More recently, it has also been proposed that the functional domains 

of the hippocampus are organized as a long-axis gradient (Strange et al., 2014). Multiple research 

groups are currently investigating the discrete transition of anatomical, molecular, and functional 

organization of the long-axis gradient to better define the functional organization of the 

hippocampus. 
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Figure 1.6 Sagittal view of the brain and anatomical regions linked to the modulation of anxiety 
and fear-related behaviors 

Various brain regions and circuits are involved in the modulation of anxiety- and fear-related 
behaviors. Among many, basal ganglia (e.g. striatum, nucleus accumbens) and limbic systems (e.g. 
hippocampus, amygdala) are well-known anatomical structures that have been suggested for their 
roles in emotional behaviors. The current figure is adapted from (Loonen & Ivanova, 2015).
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Figure 1.7 Striatal-amygdalar-hippocampal circuits involved in the modulation of anxiety and fear 

Amygdala microcircuits are composed of the lCeA, mCeA, BLA, BNST, and PAG regions. 
Glutamatergic neurons in BLA projects to both on and off cells of lCeA, which further projects to 
BNST or to PAG through mCeA and mediate anxiety-like behaviors or freezing fear-related 
behaviors. Alternative BLA projections to NAC shell and the hippocampus have also been 
implicated in the modulation of anxiety- and fear-related behaviors, yet detailed neural 
mechanisms remain unknown. 
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1.4.3 Definition and neural mechanisms of chronic pain  

δORs play an important role not only in emotions but also in chronic pain, and thus the present 

section will cover definition, neural circuits and current treatment options for chronic pain. Pain 

serves as a physiological nociception that can warn us from danger. Yet, exacerbated pain that 

lasts between 1 month to 3 months can be characterized as an acute pain syndrome and exacerbated 

pain that persists over 3 months can be further characterized as a chronic pain syndrome. 

Depending on the location and types of pain, various neural pathways are involved in mediating 

chronic pain. First, ascending pain pathways are initiated by noxious stimuli or peptides that can 

activate nociceptors located in the peripheral endings of primary sensory neurons (Basbaum et al., 

2009). The cell bodies of the primary sensory neurons are clustered in the dorsal root ganglia or in 

the trigeminal ganglia, which innervates their target organs or the dorsal horn of the spinal cord 

(Basbaum et al., 2009; Peirs & Seal, 2016). Depending on its function or its anatomical feature, 

primary sensory neurons can largely be characterized into the following groups: unmyelinated C 

fiber (mechanical, thermal, and chemical pain), myelinated Aδ fiber (mechanical, thermal pain), 

and Aβ fiber (touch sensation) (Bourinet et al., 2014). Various nociceptors expressed in the 

periphery of these primary sensory neurons mediate different types of sensation. For instance, 

calcitonin gene related peptide (CGRP) is a 37-amino acid peptide that binds to various peptidic 

receptors in unmyelinated C and myelinated Aδ fiber (Benemei et al., 2009). Alternatively, various 

chemical and thermal stimuli activate TRP channels, as previously introduced in Chapter 1.2.2. 

Multiple subfamilies of TRP channels are expressed in one fiber such as C fiber and Aδ fiber of 

the dorsal root ganglia and trigeminal ganglia (Cavanaugh et al., 2009) and modulate both thermo- 

and chemo-sensation of the receptive fields. One example is TRPV1 channels, which originally 

described as chemically activated vanilloid receptor (Holzer, 1991), but later discovered that 

TRPV1 is also sensitive to thermal stimuli (Szallasi & Blumberg, 1999; Tominaga et al., 1998). 

As predicted, the absence of TRPV1 channels affects thermal sensation in mice, resulting in 

inflammation-mediated thermal hyperalgesia – increased sensitivity to painful stimuli (Caterina et 

al., 2000; J. B. Davis et al., 2000). Another type of TRP channel, TRPA1 channels, has an 

intriguing structural feature in that extended ankyrin repeats in the N-terminus of mammalian 

TRPA1 channels have been hypothesized as a mechanical gating of the ion entry (Howard & 

Bechstedt, 2004). TRPA1 channels have been known to be expressed in unmyelinated C fibers 

and to mediate chemical and mechanical nociception, yet the mechanisms by which TRPA1 
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channels mediate chemical and mechanical nociception are poorly understood (Kerstein et al., 

2009). Due to the complex neural circuits and targets involved in chronic pain, there are multiple 

ways of treating the syndrome which will be introduced in the following section. 

1.4.4 Current treatment options of chronic pain syndrome 

Approximately 20 % of world population suffers from a chronic pain syndrome (Goldberg & 

McGee, 2011). For the clinicians, to effectively treat chronic pain, it is crucial to properly diagnose 

and suggest treatment options based on the diagnosis. The 11th version of the International 

Classification of Diseases (ICD-11) jointly created by the World Health Organization (WHO) and 

the International Association for the Study of Pain (IASP) defines chronic pain based on the 

perceived location, etiology, or the affected/damaged anatomical system (Treede et al., 2015). 

Unlike acute pain, chronic pain often accompanies negative emotions such as depression and 

anxiety (Corder et al., 2019). Due to this reason, various first- and second-line treatment options 

for chronic pain syndromes are also being used as antidepressants and anxiolytics. For instance, 

an inhibitor of endocannabinoid degradation, which has its role in anxiety-reducing effects, has 

proven to be effective in stress-induced hyperalgesia in mice (Lomazzo et al., 2015). Besides, 

benzodiazepines, commonly used as anxiolytics, have also demonstrated positive effects in chronic 

pain syndrome (Dellemijn & Fields, 1994).   

 Among many analgesic agents, opioids (e.g. morphine, buprenorphine, and fentanyl) have 

been considered as the most powerful treatment options for treating pain. Earliest literature on 

opioids was on opium poppy cultivated by the Sumerians in the lower Mesopotamia. The 

Sumerians referred opium poppy as ‘hul gil’, plant of joy, and used it as a euphoric agent during 

religious rituals. In 1806, a German pharmacist, Friedrich Serturner isolated an active compound 

in opium, which is currently referred as morphine (Brownstein, 1993). Three opioid receptors 

including μ-, δ- and κ-opioid receptors are present in the central nervous system (Mansour et al., 

1988): μORs are involved in euphoria, δORs are involved in moods, whereas κ-opioid receptors 

(κORs) are involved in dysphoria (Lutz & Kieffer, 2013). Due to the role of these receptors in 

modulating both pain and moods, various opioid receptor agonists such as morphine have been 

utilized as a potent analgesic for chronic pain syndromes. However, severe potential side effects 

have been accompanied by the usage of opioids such as addiction, tolerance, and respiratory 
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depression, which has raised a serious concern over the opioid usages in clinical settings (Kolodny 

et al., 2015; Rosenblum et al., 2008).  

In an attempt to develop more effective yet safe opioids for chronic pain syndromes, studies 

have identified distinct cellular pathways that are linked to adverse effects of the opioid usage. 

Bohn et al. and Raehal et al. pointed out that the absence of β-arrestin 2 not only enhances 

analgesic effects of morphine (Bohn et al., 1999) but also decreases respiratory depression, a side 

effect linked to an opioid usage (Raehal et al., 2005). Using this trait, two G protein-biased μORs 

selective agonists – TRV130 (Soergel et al., 2014) and PZM21(Manglik et al., 2016) – have been 

developed, respectively, in 2014 and 2016. However, despite their ability to void β-arrestin 2 

recruitment, both drugs still raised concerns regarding adverse effects of morphine such as 

respiratory depression and addictive potential (Hill et al., 2018). Notably, δORs have low 

rewarding properties and analgesic properties (Filliol et al., 2000; Gaveriaux-Ruff & Kieffer, 

2011). Furthermore, genetic and pharmacological studies have identified involvement of δORs in 

mood regulation (Pradhan et al., 2011; Saitoh et al., 2004; van Rijn et al., 2010), suggesting δORs 

as an attractive alternative for current μORs-targeting opioid analgesics.   

1.5 Scope of Dissertation 

To further investigate the topics introduced in previous sections, first, Chapter 2 will focus on δOR 

signaling in modulation of emotional behaviors, particularly on to what degree G protein and β-

arrestin signaling pathways are involved in emotional modulation, and what types of downstream 

kinases and effectors are involved in this modulation of the mouse brain. Chapter 2 particularly 

targets δORs given their role in both pain and emotion. Detailed molecular and cellular 

mechanisms by which δORs mediate emotional behaviors provides great significance to the 

development of future analgesics for patients with chronic pain syndrome and mood disorders. In 

Chapter 3, kinase activities by different anesthetic approaches are evaluated. Given the role of 

downstream kinase activities in behavioral modulation, it is crucial to identify potential impacts 

caused by technical approaches to increase rigor and reproducibility in future studies. As 

previously described in Chapter 1.2, GPCR and ion channel modulation is one of the key 

mechanisms of action of how GPCRs manipulate intrinsic properties of the cells. Therefore, in 

Chapter 4, I will briefly examine high-throughput in vivo tools to screen drugs for TRPA1-δORs 

crosstalk in vertebrates. Overall, the ultimate goal of the current thesis is to provide novel insights 
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to the developments of drugs that may potentially aid in patients with both chronic pain syndrome 

and mood disorders by investigating detailed cellular mechanisms of GPCR-mediated signaling in 

distinct brain regions as well as by developing in vivo tools to investigate the crosstalk between 

GPCR and other ion channels in vertebrate.
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CHAPTER 2. NON-CANONICAL GPCR SIGNALING POSITIVELY 

CORRELATES WITH REDUCED ANXIETY-LIKE AND 

CONDITIONED FEAR-RELATED BEHAVIOR IN MICE 

2.1 Introduction 

Anxiety- and fear-related behaviors are evolutionary adaptive behaviors important for human 

survival. However, excessive stimulation of the neural circuits that regulate anxiety- and fear-

related behaviors can lead to harmful psychiatric disorders. The expression of anxiety- and fear-

related behaviors is regulated by complex integration of both internal and external physiological 

and sensory cues that influence reflexive behavior, cognitive control, and executive functions. 

Accordingly, behavioral correlates of anxiety and fear are regulated by a harmonious activity of 

neurotransmitters and cellular actions across many overlapping and distinct neural circuits (Tovote 

et al., 2015).  

With regard to cellular actions underlying (patho-)physiological behavior, GPCRs play an 

important role in neuronal signaling. GPCRs bind neurotransmitters and initiate intracellular signal 

transduction pathways which ultimately affect neuronal excitability, neurotransmitter release and 

synaptic plasticity. GPCRs, including serotonergic (Akimova et al., 2009), dopaminergic (de la 

Mora et al., 2010), adrenergic (Kindt et al., 2009), opioidergic (Land et al., 2009) and 

corticotropin-releasing factor receptors (Takahashi, 2001) have well-documented roles in the 

modulation of anxiety and fear.  

Traditionally, drug development at GPCRs has focused on the canonical G protein 

pathways; however, the prior two decades have introduced arrestin-dependent signaling as a new 

concept of GPCR signal transduction. In particular, the ‘non-visual’ arrestins 2 and 3, referred here 

as β-arrestin 1 and 2, respectively, have been associated with specific and unique drug effects. The 

primary role of β-arrestins is to desensitize GPCRs, for example, HIV1-tat infection increases β-

arrestin 2 expression in mice amygdala, leading to significant reduction in morphine efficacy in 

this region (Hahn et al., 2016). Beyond desensitization, β-arrestin 2 may also partake in receptor 

signaling by scaffolding with various kinases. For example, β-arrestin 2 p38 MAP kinase signaling 

has been linked to the aversive effects of κOR agonists (Bruchas et al., 2006; Land et al., 2009), 

whereas a β-arrestin 2-GSK3β/AKT scaffold appears to be driving the antipsychotic effects of 

dopamine D2 receptors agonists (Allen et al., 2011; Beaulieu et al., 2005). Currently, few studies 
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have investigated how signaling scaffolds involving the β-arrestin isoforms may influence anxiety- 

and fear-like behavior. It is important to begin to address this gap in our current knowledge of the 

GPCR modulation of psychiatric behavior, especially since the majority of medications that target 

GPCRs were developed without consideration of the potential adverse or therapeutic effects of β-

arrestin signaling. Yet, it is now possible to develop molecules that preferentially activate or avoid 

β-arrestin signaling and thus have the potential to treat psychiatric disorders more effectively and 

with a wider therapeutic window.  

Here, we describe our efforts to elucidate the roles of β-arrestin isoforms in mediating 

GPCR signaling in relation to the modulation of anxiety and fear-like behavior. We chose to utilize 

the δOR as a model GPCR. Previous studies have shown that the δOR selective agonist SNC80 is 

an efficacious recruiter of β-arrestin 1 and 2 proteins (Chiang et al., 2016; Pradhan et al., 2016; 

Vicente-Sanchez et al., 2018), and has anxiolytic-like (Saitoh et al., 2004; Saitoh et al., 2018) and 

fear-reducing effects (Li et al., 2009; Saitoh et al., 2004). Moreover, the δOR-selective agonist 

TAN67, which is a poor β-arrestin 2 recruiter does not reduce anxiety-like behavior in naïve mice 

(van Rijn et al., 2010), providing further support for the correlation between β-arrestin 2 signaling 

and anxiety-like behavior.  

 Mitogen activated protein kinases (MAPKs) have been implicated with mood disorders 

and can scaffold with β-arrestin (Coyle & Duman, 2003; Lefkowitz & Shenoy, 2005). Studies have 

suggested that MAPK signaling, specifically ERK1/2, in the hippocampus and the basolateral 

amygdala is required for the acquisition and extinction of fear memory (Atkins et al., 1998; Herry 

et al., 2006). Therefore, we hypothesized that β-arrestin-dependent MAPK signaling may 

contribute to anxiety-like and fear-related behavior. To test our hypothesis, we assessed the degree 

to which β-arrestin isoforms and MAPK activation were involved in δOR agonist-mediated 

modulation of unconditioned anxiety-related behavior and cued-induced fear-related behavior. 

Our results suggest that ERK1/2 activity is differentially modulated by G protein and β-arrestin 

signaling and is correlated with anxiety-like and fear-related responses in C57BL/6 mice. We 

noted that different β-arrestin isoforms were involved in the activation of ERK1/2 across various 

brain regions, including the striatum, hippocampus and amygdala. 
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2.2 Materials and Methods 

2.2.1 Animals 

Wild-type (WT) C57BL/6 male mice were purchased from Envigo (Indianapolis, IN), and β-

arrestin 1 or 2 global knockout (KO) mice were bred in our facility (Chiang et al., 2016; Robins, 

Chiang, Berry, et al., 2018). Adult mice (8-10 weeks, 24 ± 2g) were group housed (3-5 mice) in a 

single ventilated Plexiglas cage. Mice were maintained at ambient temperature (21°C) in an animal 

housing facility approved by the Association for Assessment and Accreditation of Laboratory 

Animal Care and animals were kept on a reversed 12-hour dark-light cycle (lights off at 10:00, 

lights on at 22:00). Food and water were provided ad libitum. Purchased mice were acclimated for 

one week prior to the experiments. All animal protocols (#1305000864 by RMvR) were 

preapproved by Purdue Animal Care and Use Committee and were in accordance with the National 

Institutes of Health’s Guide for the Care and Use of Laboratory Animals.  

2.2.2 Drug preparation and administration  

SNC80 (#076410, Tocris, Thermo Fisher Scientific, Waltham, MA) was diluted in slightly acidic 

saline pH5-6. TAN67 (#092110, Tocris, Thermo Fisher Scientific) was diluted in saline, and 

SL327 (#19691, Tocris, Thermo Fisher Scientific) was diluted in 5% DMSO, 10% Cremophore 

(Millipore Sigma, Burlington, MA) and 85% saline. 20 mg/kg SNC80 was subcutaneously 

administered 30 minutes prior to the tests in Figure 2.3 d-g, Figure 2.5 b and Figure 2.2, and 50 

mg/kg SL327 was subcutaneously administered 60 minutes prior to the administration of SNC80 

for Figure 2.5. For Figure 2.2-2.7 and Figure 2.10 either 20 mg/kg SNC80 or 25 mg/kg TAN67 

was intraperitoneally administered at the indicated timepoint prior to the testing. The dose of 

SNC80 and TAN67 was determined based on our previous study (van Rijn et al., 2010) and our 

preliminary studies (data not shown). Separate batches of mice with no prior history of drug 

injection were used for the brain collection and behavioral tests to test earlier time-points of 

ERK1/2 signaling (such as 10 minutes). 

2.2.3 Elevated-plus maze test  

The elevated-plus maze test was performed as previously described (van Rijn et al., 2010). Mice 

were allowed to explore the maze for 5 minutes, and arm entries and time spent in each arm were 

recorded with a camera positioned above the maze. 
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2.2.4 Dark–light transition box test  

The test was performed based on previously established protocols (Robins, Chiang, Berry, et al., 

2018; van Rijn et al., 2010) Testing was conducted without a habituation session to the boxes and 

a 1/2 area dark insert was placed in the locomotor boxes, leaving the remaining 1/2 of the area lit 

as described previously (Bourin & Hascoet, 2003). Two LED lights were inserted above the light 

portion of the testing chamber where the lux of the light region ranged from 390-540 lumens and 

dark chamber lux ranged from 0-12 lumens. For testing, animals were placed in the light portion 

of the chamber and testing began upon animal entry. Time spent in the dark and light chambers as 

well as their locomotor activity was recorded for 5 minutes with a photobeam-based tracking 

system.  

2.2.5 Fear potentiated startle (FPS) test  

Startle reflexes of mice were recorded in the startle reflex chambers (25.8 x 25 x 26.5 cm) using 

the Hamilton Kinder Startle Monitor system (Kinder Scientific, Poway, CA). Mice groups were 

counterbalanced, such that no significant differences between startle reflexes were observed 

between groups (Figure 2.10). On the conditioning day, all subjects were conditioned with 40 

conditioning trials by a fixed 2 minute inter-trial interval (ITI), and FPS responses were tested on 

the following day. The fear conditioning and FPS parameters were based on a previously 

established protocol (Barrenha & Chester, 2007). 

2.2.6 Preparation of tissue homogenates  

After drug injections, mice were euthanized by carbon dioxide asphyxiation and rapidly 

decapitated. Based on our previous studies, we have particularly chosen carbon dioxide 

asphyxiation over other euthanasia methods that may potentially increase basal ERK1/2 activity 

in the brain (Ko, Mulia, et al., 2019). The collected brains were first sliced as coronal sections (1.5-

2.0 mm) with a brain matrix (#RBMS-205C, Kent scientific, Torrington, CT), and then flash-

frozen in dry-ice-chilled 2-methylbutane (-40 °C) (#03551-4, Fisher Scientific). Regions of 

interest were collected from these slices using a 1 mm biopsy micropunch (#15110-10, Miltex, 

Plainsboro, NJ) as follows: dorsal striatum and nucleus accumbens (A/P: +0.5 mm to +1.5 mm), 

dorsal hippocampus and amygdala (A/P: -1 mm to -2 mm), and ventral hippocampus (A/P: -2 mm 

to -4 mm) (Paxinos & Franklin, 2004). The punches targeted a specific region and produced 
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enough tissue to run several blots. However, it is noteworthy that the extracted tissue may contain 

small amounts of tissue from neighboring regions. For example, while the punches for the 

amygdala primarily consisted of the BLA, the tissue will also have included a small portion of the 

central amygdala. Collected tissues were further homogenized with a tissue grinder (#357535 & 

357537, DWK Life Sciences, Millville, NJ) in RIPA buffer mixed HaltTM Protease and 

Phosphatase Inhibitor Cocktail (#1861280, Thermo Fisher Scientific). Samples were further 

prepared based on previously established protocols (Ko, Mulia, et al., 2019). Data depicted in 

Figure 2.3 i-m also includes the data collected for SNC80 at the 0 min or 10 min time points in 

the experiment depicted in Figure 2.5 c,d to represent the full range of observed SNC80 induced 

ERK1/2 activation in mice tested in separate cohorts at different occasions.  

2.2.7 Cell culture 

Chinese hamster ovarian CHO-δOR-βArr2 cells (DiscoverX, Fremont, CA) U2OS-δOR-βArr1 

(DiscoverX), and NG-108-15 cells (HB-12317™, ATCC®, Manassas, VA) were cultured as 

recommended by the manufacturer and maintained at 37° C/5 % CO2. Cells were seeded in a clear 

6 well plate (CorningTM, Thermo Fisher Scientific) with 250,000 cells/2 mL/well. On the following 

day, all growth media was aspirated and changed into 1 mL serum-free Opti-MEM (#31985070, 

Gibco®, Thermo Fisher Scientific). The next day, cells were challenged with 10 µM drugs (SNC80) 

for a specific duration (0, 3, 6, 20, and 60 minutes). All drugs were diluted in Opti-MEM prior to 

administration. The media was aspirated following the challenge and 100 µL RIPA buffer was 

added to collect the samples on ice. Using cell scrapers (#353089, Thermo Fisher Scientific), all 

samples were dislodged from the 6 well plate, collected and stored at -30° C until usage. For the 

Western blot, the collected samples were quantified with the Bradford assay and samples were 

prepared with 4 x Laemmli and boiled at 95° C for 5 minutes. The CHO-δOR-βArr2 cells were 

also used to measure β-arrestin recruitment using the DiscoverX PathHunter Assay as previously 

described (Chiang et al., 2016). 

2.2.8 SDS-Page and Western blot 

Samples (20 µL containing 10 µg protein) were loaded per well of a NuPage 4-12 % Bis-Tris 

gradient gels (#NP0336BOX, Thermo Fisher Scientific), and the SDS-Page gel was subsequently 

transferred to nitrocellulose membranes (#1620115, BioRad) by the Western blot. Membranes 
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were incubated following previously established protocols (Ko, Mulia, et al., 2019). For 

reproducibility, detailed information regarding the antibodies used in the study are listed in Table 

2.1. Prepared samples were scanned using the LiCor Odyssey® CLx Scanner (Li-Cor, Lincoln, 

NE). By utilizing the Li-Cor secondary antibodies, we were able to detect the MAPK, pMAPK, 

and α-Tubulin on the same blot without the need of stripping/reblotting. In the same membrane, 

each band was cut based on their size. For instance, ERK1/2 and pERK1/2 bands were collected 

around 42/44 kDa and α-Tubulin band was collected around 50 kDa in the same membrane. For 

statistical analysis, we normalized the pMAPK/MAPK ratio to α-Tubulin in case drug treatment 

changed ERK1/2 levels. 

2.2.9 Preparation of tissue for immunofluorescence 

To preserve the intact ERK1/2 activity in vivo for fluorescence microscopy, mice were 

transcardially perfused before isolation of brain tissue. Thirty minutes prior to transcardiac 

perfusion, mice were administered with 100/10 mg/kg Ketamine/Xylazine. Ten minutes prior to 

perfusion, 20 mg/kg SNC80 (i.p.) or a corresponding volume of saline was administered to the 

mice. Mice were then perfused with 30 mL of cold PBS and 4% paraformaldehyde (#100503-916, 

VWR, Radnor, PA) and were immediately decapitated to collect the brains. The brains were 

fixated in 4% paraformaldehyde overnight, dehydrated in 30% sucrose, and then embedded in 

Frozen Section Compound (#3801480, Leica, Wetzlar, Germany). Frozen brains were sliced at a 

width of 30 μm using the Leica cryostat and permeabilized in 100% methanol at - 20 °C for 10 

minutes. The slices were blocked in 5 % Normal goat serum (#S26-100ml, Millipore Sigma) for 

an hour then stained with primary antibodies as listed in Table 2.1. For immunofluorescence 

labeling, the sections were incubated in the secondary antibodies according to the previously 

established protocol (Kim et al., 2018) and as listed in Table 2.1. After the final washing, the 

nuclei of the sections were stained and the slices were mounted on a glass slide with Vectashield® 

(#H-1200, Vector lab, Burlingame, CA). Images were acquired with a Nikon confocal microscope 

and assembled in Adobe Photoshop CS6 (Adobe).
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Table 2.1. Antibody information for the Western blot  

 Lists of primary and secondary antibodies that were used in the study were included in the table. 

Name of primary Company Molecular Source Dilution ratio Catalog number Lot number

Name of Company Molecular Source Dilution ratio Catalog number Lot number

Alexa fluor 594 
Goat Anti-Rabbit 

IgG (H+L) Antibody

Life Technologies 
(Thermo Fisher), 

Waltham, MA
- Rabbit 1:1,000 A-11012 -

Alexa Fluor 488 
Goat Anti-Mouse 

IgG (H+L) Antibody

Life Technologies 
(Thermo Fisher), 

Waltham, MA
- Mouse 1:1,000 A11001 -

Phospho-p44/42 
MAPK (Erk1/2) 
(Thr202/Tyr204) 

Cell Signaling, MA 42, 44 Rabbit
1:2,000 for WB; 

1:200 for IF 4370S 24

IRDye® 800CW Li-Cor, Lincoln, NE - Rabbit 1:5,000 926-32211 C61103-06

α-Tubulin 
Santa Cruz 

Biotechnology, 
Dallas, TX

50 Mouse 1:2,000 5286 G3117

IRDye® 680LT Li-Cor, Lincoln, NE - Mouse 1:5,000 926-68020 60824-02

JNK (D-2) Santa Cruz 
Biotechnology, 

Dallas, TX
46, 54 Mouse 1:2,000 7345 L3015

p-JNK (G-7)
Santa Cruz 

Biotechnology, 
Dallas, TX

46, 54 Mouse 1:2,000 6254 B2117

p38 MAPK (D13E1) 
XP® Cell Signaling, MA 38 Rabbit 1:2,000 8690S 6

Phospho-p38 
MAPK 

(Thr180/Tyr182)
Cell Signaling, MA 38 Rabbit 1:2,000 9211S 23

4696S 22

phospho-ERK1/2 
(Tyr 204) 

Santa Cruz 
Biotechnology, 

Dallas, TX
42, 44 Rabbit 1:2,000 for WB 7976-R C1113

p44/42 MAPK 
(Erk1/2) (L34F12) Cell Signaling, MA 42, 44 Mouse

1:2,000 for WB; 
1:250 for IF
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2.2.10 Statistics 

The maximum amplitude of the startle response was measured from the average of all responses 

for each trial type (12 noise-alone, 12 light+noise) of each mouse. Fear-potentiated startle response 

was analyzed using raw (maximum) startle amplitudes and proportional changes of each trial type 

(noise-alone, light+noise), which is shown as % FPS in the graphs. The proportional change score 

(% FPS) was calculated as follows: (startle response to light and noise – startle response to 

noise)/startle response to noise x 100. Thus, %FPS is a sensitive measure that adjusts for individual 

and group differences (e.g., possible non-specific effects of drug treatment) in startle response 

magnitude that may be observed on noise-alone and light + noise trials (Walker & Davis, 2002).  

All data are presented as individual data points (or means) ± standard error of the mean 

(S.E.M.). Assays with one independent variable were analyzed for statistical significance using a 

one-way Analysis of Variance (ANOVA), whereas assays with two independent variables were 

analyzed using a two-way ANOVA. If a significant deviation of the mean was identified, an 

appropriate post-hoc analysis was performed as indicated in the supplemental table or the 

corresponding figure legends. Gaussian distribution of our datasets was assessed using the 

D’augostino and Pearson analysis. We excluded one outlier in our wild-type cohort that received 

SNC80 and one that received TAN67 in the FPS assay based on the Grubbs’ test (α = 0.05). In the 

dark-light and elevated plus maze tests we excluded subjects that were frozen/stationary for >95% 

of the experimental time. All statistical analysis was conducted using GraphPad Prism 7 

(GraphPad Software, La Jolla, CA). 

2.3 Results 

2.3.1 Involvement of β-arrestin 2 in the modulation of anxiety-like behavior 

In 2016, Astra Zeneca revealed that their novel δOR selective agonist AZD2327 (Figure 2.1 a, 

Left) was capable of reducing anxiety-like behavior in mice (Richards et al., 2016). AZD2327 is 

not commercially available, but is structurally similar to SNC80, a commercially available δOR 

selective agonist (Figure 2.1 a, Right). SNC80 is a known super-recruiter of β-arrestin 2 (Chiang 

et al., 2016) (Figure 2.1 b) and similar to AZD2327 exhibits anxiolytic-like effects in rodents 

(Saitoh et al., 2004; van Rijn et al., 2010). These previous findings led us to hypothesize that β-
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arrestin 2 may be required for the anxiolytic effects of SNC80 and AZD2327. Using two models 

of anxiety-like behavior, the elevated plus maze (EPM) test and dark-light box transition test 

(Figure 2.1 c), we measured the behavioral effects of SNC80 in β-arrestin 2 KO mice, at a dose 

known to produce anxiolytic-like effects in wild-type (WT) mice (van Rijn et al., 2010). As 

expected, systemic administration of SNC80 (20 mg/kg, s.c.) significantly increased the time WT 

mice spent in the open arm of the elevated plus maze (Figure 2.1 d; see Table 2.1 for two-way 

ANOVA and post-hoc multiple comparison) and the light chamber of dark-light transition box 

(Figure 2.1 e; see Table 2.1 for two-way ANOVA and post-hoc multiple comparison). As we 

predicted, the anxiolytic effects of SNC80 were attenuated in β-arrestin 2 KO mice (Figure 2.1 d 

and e; see Table 2.1 for two-way ANOVA and post-hoc multiple comparison). Although the total 

movement in the elevated plus maze was slightly lower in β-arrestin 2 KO mice than WT mice, no 

drug effects were observed in both genotypes (Figure 2.1 f; see Table 2.1 for two-way ANOVA 

and post-hoc multiple comparison). Likewise, no statistical difference in total transition was 

observed in the dark light transition box test (Figure 2.1 g see Table 2.1 for two-way ANOVA 

and post-hoc multiple comparison); however, as previously described, SNC80 produced 

hyperlocomotive behavior in mice ((Chiang et al., 2016), Figure 2.2).
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Figure 2.1 Beneficial role for β-arrestin 2 in reducing anxiety-like behavior  

(a) Chemical similarity between AZD2327, a dOR agonist used in phase II clinical trials for anxious major depressive disorder and 
SNC80. (b) Scheme highlighting that SNC80 is δOR selective agonist, that activates Gi proteins but also strongly recruits β-arrestin 2. 
(c) Schematic diagram of the elevated plus maze test and dark-light box test. (d) The β-arrestin-biased δOR agonist, SNC80 (20 mg/kg, 
s.c.), significantly increased percentage of time spent in open arms in WT mice (n=15). but not β-arrestin 2 KO mice (n=21). (e) SNC80 
increased percentage of time spent in light box in WT mice (control: n=12, SNC80: n=11), but not in β-arrestin 2 KO mice (n=20). (f) 
The total time of movements were equal between drug treatments. (g) No statistical significance was observed in the total transitions 
between light and dark chambers. (Significance was calculated by two-way ANOVA followed by a Sidak’s multiple comparison; 
*p<0.05; all values are shown as individaul data points ± S.E.M.). 
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Table 2.2. Statistical analysis of anxiety-like behavior upon systemic administration of SNC80 in WT and β-arrestin 2 KO mice 
Statistical differences of anxiety-like behaviors in WT or β-arrestin 2 KO mice shown in Fig. 2.1. Significance between groups was 
calculated by two-way ANOVA followed by a Sidak’s multiple comparison (*p<0.05, and ns=not significant). 

Subfigure Behavior test Genotype Drug # of samples Test Source of Variation F-value p-value Post hoc analysis Group Comparison Mean Diff. p-value Significance
WT-Control: 15 Interaction F(1,68) = 1.429 0.236
WT-SNC80: 15 Genotype factor F(1,68) = 3.15 0.0804
B2-Control: 21 Drug factor F(1.68) = 8.781 0.0042
B2-SNC80: 21
WT-Control: 12 Interaction F(1,59) = 3.677 0.06
WT-SNC80: 11 Genotype factor F(1,59) = 1.039 0.3122
B2-Control: 20 Drug factor F(1.59) = 4.978 0.0295
B2-SNC80: 20
WT-Control: 15 Interaction F(1,68) = 0.3392 0.5622
WT-SNC80: 15 Genotype factor F(1,68) = 20.7 <0.0001
B2-Control: 21 Drug factor F(1.68) = 0.796 0.3754
B2-SNC80: 21
WT-Control: 12 Interaction F(1,57) = 1.754 0.1907
WT-SNC80: 11 Genotype factor F(1,57) = 0.1222 0.728
B2-Control: 20 Drug factor F(1.57) = 0.03687 0.8484
B2-SNC80: 18

7.9330 0.5615 ns

B2 KO: Con vs. SNC80 1.6670 0.9643 ns

Figure 2.1-g Dark-light box 
test WT & βarr2 KO SNC80 (20 

mg/kg, s.c.)
Two-Way 

ANOVA test
Sidak's Multiple 

Comparison Test

WT: Con vs. SNC80 -2.6140 0.7254 ns

B2 KO: Con vs. SNC80 3.5000 0.3949 ns

-13.0400 0.0164 *

B2 KO: Con vs. SNC80 -5.5450 0.3200 ns

Figure 2.1-e Dark-light box 
test WT & βarr2 KO SNC80 (20 

mg/kg, s.c.)
Two-Way 

ANOVA test
Sidak's Multiple 

Comparison Test

WT: Con vs. SNC80 -12.5200 0.0232 *

B2 KO: Con vs. SNC80 -0.9467 0.9584 ns

Figure 2.1-d Elevated plus 
maze test WT & βarr2 KO

WT: Con vs. SNC80

WT: Con vs. SNC80Figure 2.1-f Elevated plus 
maze test WT & βarr2 KO SNC80 (20 

mg/kg, s.c.)
Two-Way 

ANOVA test
Sidak's Multiple 

Comparison Test

SNC80 (20 
mg/kg, s.c.)

Two-Way 
ANOVA test

Sidak's Multiple 
Comparison Test
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Figure 2.2 Locomotor effects of drug/vehicle treatment in the WT or β-arrestin 2 KO mice in the 
dark light upon administration of drugs 

(a) Traveled distance of WT (control: n=12, SNC80: n=11) and β-arrestin 2 KO mice (control: 
n=20, SNC80: n=20) upon administration of 20 mg/kg SNC80 (i.p.) in dark light box test shown 
in Fig. 4 b, d. (b) Traveled distance of WT mice upon administration of 20 mg/kg SNC80 (i.p.) 
(control: n=8, SNC80: n=12, SNC+SL: n=12, SL327: n=12) in presence or absence of 50 mg/kg 
SL327 in dark light box test shown in Fig. 4 f. SNC80-induced hyperlocomotion corresponds with  
a previous report (Chiang et al., 2016). (For (a), Significance was calculated by two-way ANOVA 
F1,59=1.949, p=0.1670, WT p=0.0011, β-arrestin 2 KO p=0.0283 after Sidak’s multiple comparison; 
for (b), one-way ANOVA F3,49=9.037, p<0.001, control vs. SNC80 p=0.007, SNC80 vs. SNC+SL 
p<0.0001, SNC+SL vs. SL327 p<0.0004 followed by a Tukey’s multiple comparison; *p<0.05, 
**p<0.01, ***p<0.001, ****p<0.0001; all values are shown as individual data points ± S.E.M.).
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2.3.2 The β-arrestin recruiting δOR agonist SNC80 strongly activates ERK1/2 in vitro and in 
vivo 

Activation of κOR has been associated with β-arrestin 2-mediated p38 phosphorylation (Bruchas 

et al., 2006). To determine if dOR agonism similarly stimulates mitogen-activated protein kinases 

(MAPKs), we measured p38, JNK, and ERK1/2 activation in Chinese Hamster Ovarian cells stably 

expressing δOR and β-arrestin 2 (CHO-δOR-βArr2) following stimulation with 10 µM SNC80, a 

concentration that will fully activate G-protein signaling and induce β-arrestin 2 recruitment 

(Robins, Chiang, Mores, et al., 2018). We found that SNC80 led to a rapid increase in ERK1/2 

phosphorylation within 3 minutes in CHO-δOR-βArr2 cells, which lasted until 60 minutes, in 

agreement with previous δOR-mediated ERK activation in CHO cells (Rozenfeld & Devi, 2007). 

We did not observe strong activation of p38 and JNK by SNC80 (Figure 2.3 a). The dOR mediated 

ERK1/2 signaling in these cells were not an artifact of the recombinant overexpression of dOR 

and β-arrestin 2 in the CHO cells as we observed a similar profile for ERK1/2 activation in NG108-

15 neuroblastoma cells endogenously expressing δOR and β-arrestin (Cen et al., 2001; Eisinger et 

al., 2002; Klee et al., 1982) (Figure 2.3 b). We similarly found ERK1/2 activation in several mouse 

brain regions, known to express δORs, including the dorsal hippocampus, the amygdala and the 

striatum (Chu Sin Chung et al., 2015; Erbs et al., 2015) (Figure 2.3 c-e). The SNC80-induced 

ERK1/2 activation in these regions was confirmed and quantified by the Western blot analysis of 

flash-frozen tissue punches upon collection (Figure 2.3 f). Here, we observed that SNC80 (20 

mg/kg, i.p.) significantly increased ERK1/2 phosphorylation at the 10-minute time-point in all 

tested brain regions except for the ventral hippocampus of WT mice (Figure 2.3 g-k; see Table 

2.3 for one-way ANOVA and post-hoc multiple comparison), and these activations returned to 

basal levels 30 minutes after the SNC80 administration.
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Figure 2.3 ERK1/2 activation in the amygdala and the dorsal hippocampus are β-arrestin 2 
dependent 

(a) Schematic diagram of the cellular context in β-arrestin 2 genetic KO mice. SNC80 (20 mg/kg, 
i.p.) induced ERK1/2 activation in the dorsal striatum (b) and nucleus accumbens (c). β-arrestin 2 
KO ablated the SNC80-induced ERK1/2 activation in the dorsal hippocampus (d) and the 
amygdala (e) with no effects in the ventral hippocampus. (f) Representative Western blot images 
are shown tothe right of the related bar graph. (Significance was analyzed by one-way ANOVA 
followed by a Tukey’s multiple comparison; *p < 0.05, **p<0.01; all values are shown as 
individual data points ± S.E.M.).
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Table 2.3. Statistical analysis of ERK1/2 expression levels upon time-series administration of SNC80 in WT and β-arrestin 2 KO 
mouse brain 

Statistical differences of ERK1/2 expression levels in WT mice shown in Figure 2.3 and β-arrestin 2 KO mice in Figure 2.4. Significance 
between groups was calculated by one-way ANOVA followed by a Tukey’s multiple comparison (*p<0.05, **p<0.01, and ns=not 
significant).  

Subfigure Brain region Genotype Drug # of samples Test F-value p-value Group Mean Post hoc analysis Group Comparison Mean Diff. p-value Significance
Con: 13 Con 1 Con vs. 10 min -0.4718 0.0128 *
10 min: 13 10 min 1.472 Con vs. 30 min 0.1534 0.7398 ns
30 min: 5 30 min 0.8466 10 min vs. 30 min 0.6253 0.0140 *
Con: 13 Con 1 Con vs. 10 min -0.3632 0.0317 *
10 min: 13 10 min 1.363 Con vs. 30 min 0.2070 0.4563 ns
30 min: 6 30 min 0.793 10 min vs. 30 min 0.5702 0.0064 **
Con: 13 Con 1 Con vs. 10 min -0.8194 0.0051 **
10 min: 12 10 min 1.819 Con vs. 30 min 0.1918 0.7923 ns
30 min: 6 30 min 0.8082 10 min vs. 30 min 1.0110 0.0056 **
Con: 13 Con 1 Con vs. 10 min -0.5264 0.0024 **
10 min: 13 10 min 1.526 Con vs. 30 min 0.1940 0.5284 ns
30 min: 6 30 min 0.806 10 min vs. 30 min 0.7204 0.0010 **
Con: 11 Con 1 Con vs. 10 min -0.1379 0.6248 ns
10 min: 10 10 min 1.138 Con vs. 30 min 0.3892 0.2039 ns
30 min: 3 30 min 0.6108 10 min vs. 30 min 0.5271 0.0676 ns
Con: 5 Con 1 Con vs. 10 min -1.1360 0.1085 ns
10 min: 5 10 min 2.136 Con vs. 30 min -0.4171 0.6837 ns
30 min: 6 30 min 1.417 10 min vs. 30 min 0.7194 0.3435 ns
Con: 5 Con 1 Con vs. 10 min -1.4650 0.0055 **
10 min: 4 10 min 2.465 Con vs. 30 min -0.3959 0.4935 ns
30 min: 6 30 min 1.396 10 min vs. 30 min 1.0690 0.0298 *
Con: 5 Con 1 Con vs. 10 min -0.0115 0.9985 ns
10 min: 4 10 min 1.012 Con vs. 30 min 0.0336 0.9840 ns
30 min: 6 30 min 0.9664 10 min vs. 30 min 0.0451 0.9747 ns
Con: 5 Con 1 Con vs. 10 min -0.4705 0.2149 ns
10 min: 5 10 min 1.471 Con vs. 30 min 0.0576 0.9719 ns
30 min: 6 30 min 0.9424 10 min vs. 30 min 0.5281 0.1315 ns
Con: 5 Con 1 Con vs. 10 min -0.2715 0.4581 ns
10 min: 4 10 min 1.271 Con vs. 30 min 0.0865 0.9019 ns
30 min: 6 30 min 0.9135 10 min vs. 30 min 0.3580 0.2495 ns

Dorsal Striatum

Nucleus 
Acumbens

Dorsal 
Hippocampus

Amygdala

Ventral 
Hippocampus

Nucleus 
Acumbens

Dorsal 
Hippocampus

Tukey's Multiple 
Comparison Testβarr2 KO SNC80 (20 

mg/kg, i.p)
Ventral 

Hippocampus

Tukey's Multiple 
Comparison Test

Figure 2.4-d One-Way 
ANOVA test F (2,12) = 0.02711 P=0.9733 Tukey's Multiple 

Comparison Test

Figure 2.4-e One-Way 
ANOVA test F (2,13) = 2.502 P=0.1204 Tukey's Multiple 

Comparison Test
SNC80 (20 
mg/kg, i.p)

βarr2 KO SNC80 (20 
mg/kg, i.p)

βarr2 KO SNC80 (20 
mg/kg, i.p)

βarr2 KO

One-Way 
ANOVA test F (2,12) = 7.984 P=0.0062

Tukey's Multiple 
Comparison Test

Figure 2.3-m One-Way 
ANOVA test F (2,21) = 2.82 P=0.0823 Tukey's Multiple 

Comparison Test

Figure 2.4-b One-Way 
ANOVA test F (2,13) = 2.484  P=0.1220 Tukey's Multiple 

Comparison Testβarr2 KO SNC80 (20 
mg/kg, i.p)

WT SNC80 (20 
mg/kg, i.p)

WT SNC80 (20 
mg/kg, i.p)

Dorsal Striatum

Figure 2.3-l One-Way 
ANOVA test F (2,29) = 10.82 P=0.0003

Tukey's Multiple 
Comparison Test

Figure 2.3-j One-Way 
ANOVA test F (2,29) = 6.645 P=0.0042 Tukey's Multiple 

Comparison Test

Figure 2.3-k One-Way 
ANOVA test F (2,28) = 8.252 P=0.0015 Tukey's Multiple 

Comparison Test

WT SNC80 (20 
mg/kg, i.p)

WT SNC80 (20 
mg/kg, i.p)

WT SNC80 (20 
mg/kg, i.p)

Figure 2.3-i One-Way 
ANOVA test F (2,28) = 6.776 P=0.0040

Amygdala

Figure 2.4-c

One-Way 
ANOVA test F (2,12) = 1.474 P=0.2677Figure 2.4-f
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2.3.3 β-arrestin 2 is required to activate ERK1/2 signaling in the limbic structures of the brain 

To determine if β-arrestin 2 is responsible for the ERK1/2 activation in the tested brain regions 

(Figure 2.3 g-k), we injected 20 mg/kg of SNC80 in the β-arrestin 2 KO mice (Figure 2.4 a) and 

measured levels of ERK1/2 activation in the five brain regions tested in Figure 2.3. While, SNC80 

still strongly activated ERK1/2 in the striatum and the nucleus accumbens of the β-arrestin 2 KO 

mice (Figure 2.4 b-c; see Table 2.3 for one-way ANOVA and post-hoc multiple comparison), we 

did not observe significant SNC80-induced ERK1/2 activation in the amygdala, the ventral 

hippocampus and the dorsal hippocampus of these KO mice (Figure 2.4 d-f; see Table 2.3 for 

one-way ANOVA and post-hoc multiple comparison). 

2.3.4 β-arrestin 2 is required to activate ERK1/2 signaling in the limbic structures of the brain 

We next assessed if the anxiolytic effects of SNC80 were dependent on ERK1/2 activation. We 

administered wild-type mice with SL327, a MEK1/2 inhibitor that indirectly prevents ERK1/2 

activation, (Figure 2.5 a) (Tohgo et al., 2002). We found that SL327 (50 mg/kg, s.c.) ablated the 

anxiolytic-like effects of SNC80 (20 mg/kg, i.p.) in WT mice (Figure 2.5 b; see Table 2.4 for 

one-way ANOVA and post-hoc multiple comparison). Thus, SNC80 anxiolytic-like behavior 

relied on the presence of β-arrestin 2 (Figure 2.1 d,e) and MEK/ERK1/2 activation (Figure 2.5 g-
k). The hippocampus is a brain region associated with anxiety-like behavior in the elevated plus 

maze (File et al., 2000) and dOR-agonism in the dorsal hippocampus, as well as the amygdala 

reduces anxiety-like behavior in the open field test (Saitoh et al., 2018; Solati et al., 2010). These 

published findings agree with our observation of SNC80-induced β-arrestin 2-dependent ERK1/2 

activity specifically in these two brain regions (Figure 2.4 d,e). Therefore, if the β-arrestin-

mediated ERK1/2 signaling in these two regions was critical for the anxiolytic-like effects of 

SNC80, we would expect ERK1/2 activity to be abolished in these regions in the mice co-treated 

with SNC80 and SL327. Indeed, we found that SL327 effectively decreased SNC80-induced 

ERK1/2 activity in the dorsal hippocampus and the amygdala (Figure 2.5 c,d, see Table 2.4 for 

detailed statistics).
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Figure 2.4 ERK1/2 activation in the amygdala and the dorsal hippocampus are β-arrestin 2 
dependent 

(a) Schematic diagram of the cellular context in β-arrestin 2 genetic KO mice. SNC80 (20 mg/kg, 
i.p.) induced ERK1/2 activation in the dorsal striatum (b) and nucleus accumbens (c). β-arrestin 2 
KO ablated the SNC80-induced ERK1/2 activation in the dorsal hippocampus (d) and the 
amygdala (e) with no effects in the ventral hippocampus. (f) Representative Western blot images 
are shown tothe right of the related bar graph. (Significance was analyzed by one-way ANOVA 
followed by a Tukey’s multiple comparison; *p < 0.05, **p<0.01; all values are shown as 
individual data points ± S.E.M.)
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Figure 2.5 ERK1/2 is required for the anxiolytic-like effects induced by SNC80 

(a) A schematic diagram of SL327 induced inhibition of SNC80 mediated ERK1/2 signaling. (b) 
SL327 (50 mg/kg, s.c.), attenuated the anxiolytic-like effects of SNC80 (20 mg/kg i.p.) in WT 
mice (control: n=8, SNC80: n=12, SNC+SL: n=12, SL327: n=12). (c-d) SL327 significantly 
inhibited SNC80-induced ERK1/2 phosphorylation in the dorsal hippocampus and the amygdala 
(Significance was calculated by one-way ANOVA followed by a Sidak’s or Tukey’s multiple 
comparison; *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, #p<0.05; all values are shown as 
individual data points ± S.E.M.; SNC+SL means SNC80+SL327 and SL means SL327).
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Figure 2.6 SNC80-induced ERK1/2 activation is partly affected by SL327 in the striatal regions 
of the brain 

SL327 (50 mg/kg, s.c.), attenuated SNC80-induced ERK1/2 phosphorylation in the striatum (a) 
and similar trends were observed in the nucleus accumbens (b). (c) Yet, no change was observed 
in the ventral hippocampus similar to Figure 2m. (Significance was calculated by one-way 
ANOVA followed by a Sidak’s or Tukey’s multiple comparison; *p<0.05, ***p<0.001; all values 
are shown as individual data points ± S.E.M.; SNC+SL means SNC80+SL327 and SL means 
SL327).
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Table 2.4. Statistical analysis of anxiety-like behavior and ERK1/2 expression levels upon administration of SNC80 in the 
presence/absence of SL327 in WT mouse brain 

Statistical differences of anxiety-like behavior and ERK1/2 expression levels in WT mouse brain shown in Figure 2.5 and Figure 2.6. 
Significance between groups was calculated by one-way ANOVA followed by a Tukey’s multiple comparison (*p<0.05, **p<0.01, 
***p<0.001, and ns=not significant). 

Subfigure Behavior test or 
Brain region Genotype Drug # of samples Test F-value p-value Group Mean Post hoc analysis Group Comparison Mean Diff. p-value Significance

Control vs. SNC80 -16.6400 0.0109 *
Con: 7 Control 13.88 Control vs. SNC+SL327 10.4600 0.1496 ns
SNC80: 9 SNC80 30.53 Control vs. SL327 -1.7550 0.9830 ns
SNC+SL: 11 SNC+SL327 3.418 SNC80 vs. SNC+SL327 27.1100 <0.0001 ****
SL327: 11 SL327 15.64 SNC80 vs. SL327 14.8900 0.0106 *

SNC+SL327 vs. SL327 -12.2200 0.0325 *
Control vs. SNC80 -0.6767 0.0024 **

Con: 10 Control 1 Control vs. SNC+SL327 0.1076 0.9247 ns
SNC80: 9 SNC80 1.706 Control vs. SL327 0.3169 0.2790 ns
SNC+SL: 9 SNC+SL327 0.9214 SNC80 vs. SNC+SL327 0.7843 0.0006 ***
SL327: 9 SL327 0.7122 SNC80 vs. SL327 0.9936 <0.0001 ****

SNC+SL327 vs. SL327 0.2092 0.6459 ns
Control vs. SNC80 -0.9798 0.0021 **

Con: 10 Control 1 Control vs. SNC+SL327 -0.1093 0.9713 ns
SNC80: 10 SNC80 2.003 Control vs. SL327 0.4325 0.3442 ns
SNC+SL: 10 SNC+SL327 1.133 SNC80 vs. SNC+SL327 0.8705 0.0069 **
SL327: 9 SL327 0.5908 SNC80 vs. SL327 1.4120 <0.0001 ****

SNC+SL327 vs. SL327 0.5419 0.1677 ns

Control vs. SNC80 -0.5429 0.0247 *

Con: 9 Control 1 Control vs. SNC+SL327 -0.1155 0.9180 ns
SNC80: 9 SNC80 1.543 Control vs. SL327 0.2266 0.5960 ns
SNC+SL: 9 SNC+SL327 1.115 SNC80 vs. SNC+SL327 0.4274 0.1032 ns
SL327: 9 SL327 0.7734 SNC80 vs. SL327 0.7694 0.0009 ***

SNC+SL327 vs. SL327 0.3420 0.2490 ns
Control vs. SNC80 -0.3193 0.3248 ns

Con: 10 Control 1 Control vs. SNC+SL327 -0.0404 0.9963 ns
SNC80: 10 SNC80 1.319 Control vs. SL327 0.2123 0.6809 ns
SNC+SL: 10 SNC+SL327 1.04 SNC80 vs. SNC+SL327 0.2790 0.4427 ns
SL327: 9 SL327 0.7877 SNC80 vs. SL327 0.5316 0.0394 *

SNC+SL327 vs. SL327 0.2526 0.5501 ns
Control vs. SNC80 -0.1522 0.7419 ns

Con: 10 Control 1 Control vs. SNC+SL327 0.2347 0.3879 ns
SNC80: 9 SNC80 1.164 Control vs. SL327 0.1803 0.6299 ns
SNC+SL: 10 SNC+SL327 0.7771 SNC80 vs. SNC+SL327 0.3869 0.0655 ns
SL327: 9 SL327 0.8315 SNC80 vs. SL327 0.3325 0.1549 ns

SNC+SL327 vs. SL327 -0.0545 0.9833 ns

Figure 2.5-b Dar-light box test WT

SNC80 (20 
mg/kg, i.p) or 

SL327 (50 mg/kg 
s.c.)

Tukey's Multiple 
Comparison Test

F (3, 34) = 2.734 P=0.0588

WT

SNC80 (20 
mg/kg, i.p) or 

SL327 (50 mg/kg 
s.c.)

One-Way 
ANOVA test F (3, 35) = 2.672 P=0.0624 Tukey's Multiple 

Comparison Test

Figure 2.6-c Ventral 
Hippocampus WT

SNC80 (20 
mg/kg, i.p) or 

SL327 (50 mg/kg 
s.c.)

One-Way 
ANOVA test

One-Way 
ANOVA test F (3, 34) = 12.35

Tukey's Multiple 
Comparison Test

Figure 2.5-c Dorsal 
Hippocampus WT

SNC80 (20 
mg/kg, i.p) or 

SL327 (50 mg/kg 
s.c.)

One-Way 
ANOVA test

Tukey's Multiple 
Comparison Test

Figure 2.5-d Amygdala WT
SNC80 (20 

mg/kg, i.p) or 
SL327 (50 mg/kg 

s.c.)

One-Way 
ANOVA test F (3, 35) = 10.9 P<0.0001 Tukey's Multiple 

Comparison Test

Tukey's Multiple 
Comparison Test

Figure 2.6-b Nucleus 
Accumbens

Figure 2.6-a Dorsal Striatum WT

SNC80 (20 
mg/kg, i.p) or 

SL327 (50 mg/kg 
s.c.)

One-Way 
ANOVA test F (3, 32) = 6.421 P=0.0016

F (3, 33) = 11.68 P<0.0001

P<0.0001
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2.3.5 Fear-potentiated startle behavior is correlated with ERK1/2 activity but is not mediated by 
β-arrestin 2 

Besides reducing anxiety-like behavior, δOR activation can also alleviate conditioned fear-related 

behavior (Saitoh et al., 2004; Sugiyama et al., 2019). Based on our results and previous studies, 

we hypothesized that SNC80 may similarly reduce fear-related behavior through a mechanism that 

involves β-arrestin 2. To measure conditioned fear, we utilized a mouse behavior paradigm of fear-

potentiated startle (FPS) (Figure 2.7 a). In WT mice (Figure 2.7 b), we noted that SNC80 (20 

mg/kg, i.p.) significantly reduced startle responses to the unconditioned ‘noise’ cue as well as to 

the conditioned ‘light+noise’ cue (Figure 2.7 c; see Table 2.5 for two-way ANOVA and post-hoc 

multiple comparison). The reduction produced by ‘light+noise’ is larger than the reduction 

produced by ‘noise’, and thus these reductions result in a significant reduction in % FPS response 

(Figure 2.7 d; p-value is indicated in figure legends). To our surprise, we found that SNC80 was 

equally effective in reducing % FPS responses in β-arrestin 2 KO mice (Figure 2.7 e,f; see Table 

2.5 for two-way ANOVA and post-hoc multiple comparison; Figure 2.7 g; p-value is indicated in 

figure legends). While SNC80 is a very efficacious recruiter of β-arrestin, it still also fully activates 

Gi protein signaling (Chiang et al., 2016; Robins, Chiang, Mores, et al., 2018). Thus, we next 

hypothesized that the observed fear-reducing effects of SNC80 could be mediated through Gi 

protein signaling. To address this hypothesis, we utilized a δOR selective agonist, TAN67, which 

is a poor recruiter of β-arrestin (Figure 2.7 f), and considered Gi protein-biased (Chiang et al., 

2016; Robins, Chiang, Mores, et al., 2018). However, when we administered TAN67 (25 mg/kg, 

i.p.) to our WT mice (Figure 2.7 h), TAN67 did not significantly change startle to the noise yet 

produced an increasing trend of startle to the light+noise stimuli (Fig. 2.7 i; see Table 2.5 for two-

way ANOVA and post-hoc multiple comparison), which resulted in a significant increase in %FPS 

(Figure 2.7 j; p-value is indicated in figure legends). The lack of a direct effect of TAN67 on 

noise-alone startle is in agreement with our previous finding that TAN67 did not change basal 

anxiety-like behavior in the elevated plus maze and dark-light transition test (van Rijn et al., 2010). 

Interestingly, our Western blot analysis of ERK1/2 activities in WT mice revealed that this Gi 

protein-biased agonist, TAN67, decreased ERK1/2 phosphorylation in the dorsal striatum, the 

nucleus accumbens, the dorsal hippocampus and the amygdala (Figure 2.8 a-d). In the ventral 

hippocampus, TAN67 did not alter ERK1/2 activity (Figure 2.8 e), which was similar to the lack 
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of ERK1/2 modulation by SNC80 in this region (Figure 2.3 k) and may be indicative of low δOR 

expression in the ventral region as previously described (Mansour et al., 1987). 

2.3.6 Potential roles for ERK1/2 and β-arrestin 1 in the modulation of conditioned-fear behavior 

Our results suggest that SNC80 reduces conditioned fear through a mechanism that does not 

involve β-arrestin 2 or G protein signaling. Therefore, we next hypothesized that the effect may be 

mediated by β-arrestin 1 instead. However, SNC80 is known to induce severe seizures in β-arrestin 

1 KO mice (Vicente-Sanchez et al., 2018), preventing us from testing the FPS response of SNC80 

in this strain. Instead, we measured SNC80-induced ERK1/2 phosphorylation in the β-arrestin 1 

KO mice. In comparison to WT mice (Figure 2.3 g-k), genetic knockout of β-arrestin 1 prevented 

SNC80-mediated ERK1/2 phosphorylation in the dorsal striatum and nucleus accumbens (Figure 
2.8 f-g; see Table 2.6 for one-way ANOVA and post-hoc multiple comparison). In the amygdala 

and dorsal hippocampus of β-arrestin 1 KO mice, SNC80 did increase ERK1/2 phosphorylation 

(Figure 2.8 h-i), but in contrast to the response observed in WT mice, the activation was sustained 

for at least 30 minutes. Additionally, we observed the same trend in the ventral hippocampus 

(Figure 2.8 j), a region where we had observed no δOR agonist-mediated modulation of ERK1/2 

in WT mice (Figure 2.3 k and Figure 2.8 e). Thus, we hypothesized that the increased ERK1/2 in 

these regions is most likely a result of seizure activity and not necessarily a result of δOR-mediated 

effects.
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Figure 2.7 Unique modulation of fear-potentiated startle (FPS) by a β-arrestin-biased and G 
protein-biased dOR agonist 

(a) Schematic representation of the three-day experimental paradigm of the fear potentiated startle test; drugs were 
administered prior to the tests on the third day (See Figure 2.12 for Day 1 acoustic startle test). (b-d) SNC80 (n=21) 
reduced raw startle amplitudes to noise or light+noise and % FPS during the FPS test in WT mice. (e-g) SNC80 also 
reduced raw startle amplitudes to noise and light+noise as well as % FPS in β-arrestin 2 KO mice (n=8). (h-j) Yet, G 
protein-biased agonist, TAN67, increased % FPS in WT mice (n=8) (Significance was measured by two-way ANOVA 
followed by a Tukey’s multiple comparison for (c, f, i) or unpaired t-test for (d, g, j); for (d) p=0.0085; for (g) p=0.0003; 
for (j) p<0.0001; *p < 0.05, **p<0.01, ***p < 0.001, ****p < 0.0001; all values are shown as individual data points 
± S.E.M.).
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Table 2.5. Statistical analysis of fear-related behavior upon systemic administration of SNC80 or TAN67 in WT and β-arrestin 2 KO 

mice  

Statistical differences of fear-related behaviors in WT or β-arrestin 2 KO mice shown in Figure 2.7. Significance between groups was 

calculated by two-way ANOVA followed by a Bonferroni’s multiple comparison (*p<0.05, ****p<0.0001, and ns=not significant).

Subfigure Behavior test Genotype Drug # of samples Test Source of Variation F-value p-value Post hoc analysis Group Comparison Mean Diff. p-value Significance

Interaction F(2,120) = 20.42 <0.0001 Blank: Con vs. SNC80 -0.0126 >0.9999 ns
Stimulation factor F(2,120) = 92.8 <0.0001 Noise: Con vs. SNC80 0.5879 <0.0001 ****

Drug factor F(1,120) = 63.99 <0.0001 Noise+Light: Con vs. SNC80 1.0310 <0.0001 ****

Interaction F(2,42) = 20.22 <0.0001 Blank: Con vs. SNC80 -0.0355 >0.9999 ns
Stimulation factor F(2,42) = 51.52 <0.0001 Noise: Con vs. SNC80 0.2139 0.0103 *

Drug factor F(1,42) = 40.4 <0.0001 Noise+Light: Con vs. SNC80 0.5812 <0.0001 ****

Interaction F(2,42) = 0.7245 0.4905 Blank: Con vs. SNC80 -0.0113 >0.9999 ns
Stimulation factor F(2,42) = 25.06 <0.0001 Noise: Con vs. SNC80 0.1123 >0.9999 ns

Drug factor F(1,42) = 0.2754 0.6025 Noise+Light: Con vs. SNC80 -0.3665 0.6493 ns
TAN67: 8

Figure 2.7-i Fear potentiated 

startle test
WT

TAN67 (25 

mg/kg, i.p.)

Two-Way 

ANOVA test

Bonferroni's 
Multiple 

Comparison Test

Figure 2.7-f Fear potentiated 

startle test
βarr2 KO

SNC80 (20 

mg/kg, i.p.)

Two-Way 

ANOVA test

Bonferroni's 
Multiple 

Comparison Test

Figure 2.7-c Fear potentiated 

startle test
WT

SNC80 (20 

mg/kg, i.p.)

Two-Way 

ANOVA test

Bonferroni's 
Multiple 

Comparison Test

Control: 21

SNC80: 21

Control: 8

SNC80: 8

Control:8
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Figure 2.8 Differential roles for G protein and β-arrestin 1 in dOR agonist-induced ERK1/2 
activation 
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Figure 2.8 continued (a-e) The G protein-biased dOR agonist TAN67 (25 mg/kg, i.p.), decreased 
the basal ERK1/2 activity in all tested brain regions of wild-type mice. Representative Western 
blot images are depicted next to each related bar graph. (f-j). Systemic administration of SNC80 
(20 mg/kg, i.p.) did not activate ERK1/2 in the striatal regions of β-arrestin 1 KO mice but resulted 
in persistent ERK1/2 activation in the dorsal and ventral hippocampus and amygdala (Significance 
was analyzed by one-way ANOVA followed by a Tukey’s multiple comparison; *p < 0.05, 
**p<0.01; all values are shown as individual data points ± S.E.M.).
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Table 2.6. Statistical analysis of ERK1/2 expression levels upon time-series administration of TAN67 in WT mouse and SNC80 in β-

arrestin 1 KO mouse brain 
Statistical differences of ERK1/2 expression levels in WT and β-arrestin 1 KO mouse brain shown in Figure 2.8. Significance between 
groups was calculated by one-way ANOVA followed by a Tukey’s multiple comparison (*p<0.05, **p<0.01, and ns=not significant).

Subfigure Brain region Genotype Drug # of samples Test F-value p-value Group Mean Post hoc analysis Group Comparison Mean Diff. p-value Significance
Con: 7 Con 1 Con vs. 10 min 0.1231 0.6279 ns
10 min: 7 10 min 0.8769 Con vs. 30 min 0.4176 0.0142 *
30 min: 7 30 min 0.5824 10 min vs. 30 min 0.2945 0.0931 ns
Con: 7 Con 1 Con vs. 10 min 0.3848 0.0447 *
10 min: 7 10 min 0.6152 Con vs. 30 min 0.4773 0.0161 *
30 min: 6 30 min 0.5227 10 min vs. 30 min 0.0925 0.8190 ns
Con: 7 Con 1 Con vs. 10 min -0.0207 0.9759 ns
10 min: 7 10 min 1.021 Con vs. 30 min 0.2610 0.0410 *
30 min: 7 30 min 0.739 10 min vs. 30 min 0.2817 0.0266 *
Con: 7 Con 1 Con vs. 10 min 0.1490 0.3216 ns
10 min: 6 10 min 0.851 Con vs. 30 min 0.3303 0.0118 *
30 min: 6 30 min 0.6697 10 min vs. 30 min 0.1813 0.2189 ns
Con: 6 Con 1 Con vs. 10 min -0.0628 0.9388 ns
10 min: 6 10 min 1.063 Con vs. 30 min 0.1991 0.5426 ns
30 min: 6 30 min 0.8009 10 min vs. 30 min 0.2618 0.3582 ns
Con: 7 Con 1 Con vs. 10 min -0.1907 0.4580 ns
10 min: 6 10 min 1.191 Con vs. 30 min -0.2710 0.2226 ns
30 min: 6 30 min 1.271 10 min vs. 30 min -0.0803 0.8743 ns
Con: 7 Con 1 Con vs. 10 min -0.1791 0.7426 ns
10 min: 6 10 min 1.179 Con vs. 30 min -0.2319 0.6112 ns
30 min: 6 30 min 1.232 10 min vs. 30 min -0.0528 0.9759 ns
Con: 5 Con 1 Con vs. 10 min -1.8120 0.0027 **
10 min: 4 10 min 2.812 Con vs. 30 min -1.8740 0.0020 **
30 min: 6 30 min 2.874 10 min vs. 30 min -0.0625 0.9902 ns
Con: 7 Con 1 Con vs. 10 min -0.4981 0.1080 ns
10 min: 6 10 min 1.498 Con vs. 30 min -0.6695 0.0261 *
30 min: 6 30 min 1.67 10 min vs. 30 min -0.1714 0.7564 ns
Con: 7 Con 1 Con vs. 10 min -1.0240 0.0907 ns
10 min: 6 10 min 2.024 Con vs. 30 min -1.3770 0.0201 *
30 min: 6 30 min 2.377 10 min vs. 30 min -0.3530 0.7372 ns

P=0.0194 Tukey's Multiple 
Comparison Test

Figure 2.8-j Ventral 
Hippocampus βarr1 KO SNC80 (20 

mg/kg, i.p)
One-Way 

ANOVA test F (2,16) = 5.097

Figure 2.8-g Nucleus 
Acumbens F (2,16) = 0.5181 P=0.6053 Tukey's Multiple 

Comparison Test

One-Way 
ANOVA test F (2,16) = 4.668 P=0.0253 Tukey's Multiple 

Comparison Test

One-Way 
ANOVA test F (2,16) = 11.48 P=0.0008 Tukey's Multiple 

Comparison Test

F (2, 15) = 1.092 P=0.3607 Tukey's Multiple 
Comparison Test

Figure 2.8-f Dorsal Striatum βarr1 KO SNC80 (20 
mg/kg, i.p)

One-Way 
ANOVA test F (2,16) = 1.62 P=0.2288 Tukey's Multiple 

Comparison Test

F (2, 18) = 5.09 P=0.0177 Tukey's Multiple 
Comparison Test

Figure 2.8-d Amygdala WT TAN67 (25 
mg/kg, i.p)

One-Way 
ANOVA test F (2, 16) = 5.455 P=0.0156 Tukey's Multiple 

Comparison Test

Figure 2.8-a Dorsal Striatum WT TAN67 (25 
mg/kg, i.p)

Figure 2.8-h Dorsal 
Hippocampus βarr1 KO SNC80 (20 

mg/kg, i.p)

F (2, 18) = 5.276 P=0.0157 Tukey's Multiple 
Comparison Test

Figure 2.8-b Nucleus 
Acumbens WT TAN67 (25 

mg/kg, i.p)
One-Way 

ANOVA test F (2, 17) = 5.701 P=0.0127 Tukey's Multiple 
Comparison Test

Figure 2.8-i Amygdala βarr1 KO SNC80 (20 
mg/kg, i.p)

One-Way 
ANOVA test

Figure 2.8-c Dorsal 
Hippocampus WT TAN67 (25 

mg/kg, i.p)
One-Way 

ANOVA test

Figure 2.8-e Ventral 
Hippocampus WT TAN67 (25 

mg/kg, i.p)
One-Way 

ANOVA test

βarr1 KO SNC80 (20 
mg/kg, i.p)

One-Way 
ANOVA test
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2.4 Discussion 

2.4.1 Summary of the findings 

Here, we investigated the hypothesis that β-arrestin can modulate anxiety- and conditioned fear-

related behavior via downstream MAPK activation. By utilizing G protein- and β-arrestin-biased 

δOR agonists together with β-arrestin-isoform selective knockout mice, we discovered that G 

protein, β-arrestin 1, and β-arrestin 2 uniquely modulated ERK1/2 activity resulting in differential 

outcomes in mouse models of anxiety/fear-related behavior. Our results suggest that the reduction 

in anxiety-like behavior by SNC80 required the presence of β-arrestin 2 as well as activation of 

ERK1/2. Distinctly in the dorsal hippocampus, we found that ERK1/2 activation was β-arrestin 2-

dependent (Figure 2.9 a). Notably, G protein-biased signaling by TAN67 reduced ERK1/2 

phosphorylation and was correlated with increased FPS (Figure 2.9 b). We found that SNC80-

induced ERK1/2 activation in the nucleus accumbens and the dorsal striatum required β-arrestin 

1, which may be part of the mechanism for SNC80 to decrease FPS (Figure 2.9 c).
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Figure 2.9 Graphical summary 

δOR agonists differentially induce ERK1/2 activation in a β-arrestin isoform specific manner to 
modulate anxiety- and conditioned fear-related behaviors. SNC80 induced β-arrestin 2-mediated 
ERK1/2 activation (Cellular Makeup) in the hippocampus and amygdala (Localization) decreased 
anxiety-like behavior (a), whereas an increase in conditioned fear-related behavior (Behavior) by 
TAN67 can be linked to decreased ERK1/2 activity in all tested brain regions except for the ventral 
hippocampus (b). Decreased FPS could not be correlated with G protein or β-arrestin 2 signaling, 
but may involve β-arrestin -1 dependent ERK1/2 signaling in the dorsal striatum and nucleus 
accumbens (c).
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2.4.2 Differential roles for β-arrestin isoforms in neuropsychiatric behavior 

The β-arrestin proteins were discovered in quick succession (Attramadal et al., 1992; Lohse et al., 

1990). Surprisingly, despite the availability of genetic KO mice for each isoform (Bohn et al., 1999; 

Conner et al., 1997). Studies investigating β-arrestin in the CNS have largely focused on β-arrestin 

2 and have generally neglected β-arrestin 1 (Latapy & Beaulieu, 2013; Whalen et al., 2011). A 

potential reason for the preference of studying β-arrestin 2 may be that when the β-arrestin 2 

knockout mice were generated their first utilization was to highlight the proteins’ involvement 

with the CNS-mediated adverse effects of µ-opioid receptor agonism (Bohn et al., 2000; Raehal 

et al., 2005). Researchers have only recently begun to utilize β-arrestin 1 KO mice to study various 

neurological disorders. In 2016, Pradhan et al. found that different dOR agonists either 

preferentially recruited β-arrestin 1 leading to dOR degradation or recruited β-arrestin 2 causing 

dOR resensitization (Pradhan et al., 2016). A study in 2017 found that amphetamine-induced 

hyperlocomotion was amplified in β-arrestin 1 KO mice, but attenuated in β-arrestin 2 KO mice 

(Zurkovsky et al., 2017), further emphasizing the importance of studying both β-arrestin isoforms.  

As mentioned, our study further identified that SNC80-induced anxiolytic-like effects were 

β-arrestin 2-dependent. However, β-arrestin 2 KO mice still exhibited the fear-reducing effect of 

SNC80, which could suggest a potential role for β-arrestin 1 in the modulation of fear-related 

behavior. Particularly, we also noted that β-arrestin 1 KO abolished SNC80-induced ERK1/2 

activation in the striatum and nucleus accumbens. Our findings were in line with the extensive in-

situ hybridization studies on differential β-arrestin isoform levels in neonatal and postnatal rats 

(Gurevich et al., 2002, 2004) and studies showing relatively high β-arrestin 1 and low β-arrestin 2 

expressions in the striatal regions (Attramadal et al., 1992; Bjork et al., 2008; Gurevich et al., 2002). 

In contrast, SNC80-induced ERK1/2 activation in the dorsal hippocampus and amygdala was β-

arrestin 2-dependent, which agreed with reports of stronger expression of this isoform in those 

areas (Attramadal et al., 1992; Bjork et al., 2008). Unfortunately, we were limited in our ability to 

assess whether SNC80-induced reduction in FPS would be attenuated in β-arrestin 1 KO mice, as 

SNC80 produces severe seizures in these mice (Vicente-Sanchez et al., 2018), a phenomenon we 

have also observed ourselves and found to be accompanied by strong and persistent ERK1/2 

activation in the dorsal hippocampus. Further investigation of the roles of β-arrestin 1 in 

neuropsychiatric behavior may be feasible using a conditional knockout approach; currently 
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conditional β-arrestin 2 knockout mice already exist (Huang et al., 2018), but conditional β-arrestin 

1 knockout mice have not yet been reported. 

2.4.3 A unique role for Gi protein signaling and ERK1/2 signaling in conditioned fear-related 
behavior 

In contrast to the β-arrestin-mediated activation of ERK1/2, we found that selectively activating 

the G protein pathway of the δOR using TAN67, a known weak recruiter of β-arrestin 1 and 2 

(Chiang et al., 2016) (Figure 2.6) decreased ERK1/2 activation, including in the striatum and the 

amygdala, and was associated with increased FPS. This result is in agreement with the observation 

and that blocking Gi/o protein signaling using pertussis toxin in the basolateral amygdala reduced 

FPS (Melia et al., 1992) and parallels finding that TAN67 did not reduce unconditioned anxiety-

like behavior in naïve mice (van Rijn et al., 2010). Additionally, a study in ovariectomized mice 

found that estradiol benzoate, an anxiogenic estradiol prodrug (Morgan & Pfaff, 2002), decreased 

ERK in the hippocampus (Anchan et al., 2014), which supports our finding that decreased ERK1/2 

is correlated with increased fear. It is noteworthy that both Gi protein and β-arrestin can activate 

ERK1/2 albeit via different mechanisms (Goldsmith & Dhanasekaran, 2007; Gutkind, 2000). One 

explanation for our observation is that TAN67 competes with the endogenous δOR agonist Leu-

enkephalin, which is a much more efficacious recruiter of β-arrestin (Chiang et al., 2016) (Figure 

2.10). Importantly, based on observations of enhanced anxiety-like behavior in preproenkephalin 

KO mice, Leu-enkephalin has anxiolytic-like effects by itself (Kung et al., 2010; Ragnauth et al., 

2001), which is in line with reports that the dOR antagonist, naltrindole, is anxiogenic (Narita et 

al., 2006). As a weak β-arrestin recruiter, TAN67 would attenuate any baseline Leu-enkephalin-

induced β-arrestin-mediated ERK1/2 activity (Figure 2.11). In contrast, because SNC80 is a 

stronger β-arrestin recruiter than Leu-enkephalin, it will elevate basal ERK1/2 activity produced 

by endogenous opioids. This hypothesis would also explain why SNC80-induced ERK1/2 

activation is quite variable and produces on average only a two-fold increase.
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Figure 2.10 β-arrestin 1 recruitment levels by G-protein-biased (TAN67), β-arrestin-biased 
(SNC80), and non-biased (Leu-Enk) δOR agonist in U2OS-δOR-βArr1 cells 

10 µM TAN67, 10 µM SNC80, 10 µM leucine-enkephalin (leu-enk) were administered during the 
cellular assay and their β-arrestin 1 recruiment levels were tested in a dose-dependent manner. 
SNC80 revealed the highest efficacy of recruiment and TAN67 showed the lowest. (All recruiment 
levels were normalized by leu-enk and 10 µM leu-enk was normalized as 100 %).
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Figure 2.11 A diagram respresenting the pharmacological competition between two biased 
agonists and an endogenous opioid in relations to their ability to modulate ERK1/2 signaling 

Unlike with cells, the brain has endogenous opioids that bind to δOR. As endogenous opioids such 
as Leu-Enk, an analog of endogenous opioids, have better ability to recruit β-arrestin proteins than 
TAN67 as shown in Fig. S3, δOR is less likely to recruit β-arrestin and potentially activate less 
ERK1/2 upon administration of TAN67 in the brain. Likewise, SNC80, which has a better ability 
to recruit β-arrestin proteins than Leu-Enk, recruits more β-arrestins via δOR and potentially 
activates more ERK1/2 upon administration of SNC80 in the brain (Right). Yet, it is notworthy 
that SNC80 and TAN67 have comparable levels of G protein-mediated response (Chiang et al., 
2016).
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Figure 2.12 Mice groups for FPS tests were counterbalanced based on baseline acoustic startle 
response 

No significance was observed between groups of control vs. SNC80 or control vs. TAN67 of WT 
mice (a) and control vs. SNC80 of β-arrestin 2 KO mice (b) (All values are shown as individual 
data points ± S.E.M.).
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2.4.4 β-arrestin serves as a scaffold for a range of kinases and effectors 

In our study, we found that δOR agonism strongly activates ERK1/2 compared to the other tested 

MAPKs, p38 and JNK, and that the ERK1/2 activity induced by SNC80 was negatively correlated 

with FPS. Other GPCRs, besides the δOR, may also require β-arrestin-dependent ERK1/2 

signaling for modulation of fear. Specifically, in the infralimbic prefrontal cortex, β-adrenergic 

receptor activation can promote the extinction of contextual fear memory (Do-Monte et al., 2010). 

In a recent study, it was shown that in this same brain region β-arrestin 2-dependent ERK1/2 

activation was required for β-adrenergic receptor agonists to stimulate extinction learning of 

cocaine-induced reward memories (Huang et al., 2018). β-arrestin 2-mediated signaling in the CNS 

is not exclusive to ERK1/2 signaling; following kOR activation, β-arrestin 2 can scaffold with p38 

as part of a potential mechanism for the aversive effects of kOR agonists (Bruchas et al., 2007). A 

β-arrestin 2 scaffold of AKT, GSK3β and PP2A has been proposed as a mechanism for stabilizing 

mood (O'Brien et al., 2011), highlighting that β-arrestin signaling is also not limited to MAPKs. 

In fact, because β-arrestin 1, in contrast to β-arrestin 2, contains a nuclear translocation sequence 

(Hoeppner et al., 2012),  this enables it to enter the nucleus and regulate gene transcription (Kang 

et al., 2005; Shi et al., 2007). While in this study we report δORs require β-arrestin-dependent 

ERK1/2 signaling for reduction in anxiety-like behavior, it is certainly possible that other GPCRs 

may engage different intracellular signaling pathways following β-arrestin recruitment. 

2.4.5 Fear- and anxiety-like behaviors rely on shared but distinct neural circuits 

In our study, we observed that β-arrestin 2-dependent ERK1/2 activity in the dorsal hippocampus 

was associated with reduced anxiety-like behavior. Generally, CA1 regions of the ventral 

hippocampus are associated with responding to contextually-conditioned anxiogenic stimuli than 

dorsal CA1 regions (Fanselow & Dong, 2010; Jimenez et al., 2018), whereas the dorsal 

hippocampus is involved with cognitive functions, including exploration, navigation and memory 

(Kheirbek et al., 2013). Still, our finding that dOR signaling in the dorsal hippocampus is 

connected to the anxiolytic-like effects of SNC80, agrees with a study showing that intra-dorsal 

CA1 injection of the dOR antagonist naltrindole is anxiogenic (Solati et al., 2010). Additionally, 

the anxiolytic-like effects of SNC80 may also involve β-arrestin 2-dependent ERK1/2 signaling in 

the amygdala, a region more commonly associated innate anxiety-like behavior (Felix-Ortiz et al., 
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2013; Tye et al., 2011). The BLA also plays an important role in fear conditioning (Janak & Tye, 

2015), including FPS (Terburg et al., 2018). The BLA receives dopaminergic inputs from the 

ventral tegmental area and projects to the nucleus accumbens. It has been proposed that 

dopaminergic signaling in the BLA is important for cue-dependent fear-conditioning, such as FPS 

(Fadok et al., 2009) and that the BLA to nucleus accumbens projection is critical for consolidation 

of memories associated with aversive effects such as foot shock (Fadok et al., 2010; LaLumiere et 

al., 2005).  

Our finding that ERK1/2 activation in the striatal regions was ablated in β-arrestin 1 KO 

mice points to a role for striatal β-arrestin 1-mediated ERK1/2 signaling in the modulation of the 

expression of conditioned fear-related behavior. Processing and executing emotional behaviors in 

tasks such as the elevated plus maze and FPS tests engages multiple overlapping, yet distinct, brain 

regions and circuits involved in memory retrieval, locomotion, decision making, reward, and mood 

(Janak & Tye, 2015). Further studies with circuit-based approaches are necessary to assess the role 

of biased signaling pathways in the acquisition and expression of conditioned fear-related behavior. 

2.4.6 Beneficial roles of β-arrestin signaling 

For the longest time, β-arrestin 2 has been associated solely with adverse effects of opioid 

activation, including tolerance, constipation, respiratory depression, aversion and alcohol use 

(Raehal & Bohn, 2011; Raehal et al., 2005; van Rijn et al., 2010). These studies fueled a drive to 

develop G protein-biased opioids to treat pain and other disorders with an improved therapeutic 

window (Manglik et al., 2016; Mores et al., 2019). Yet, recently a number of studies have started 

to push back against this narrative (Austin Zamarripa et al., 2018; Hill et al., 2018; Kliewer et al., 

2019). Clearly, β-arrestin signaling is not inherently negative as the therapeutic effects of lithium 

and fluoxetine seem to depend on β-arrestin 2 (David et al., 2009). The increased propensity for 

β-arrestin 1 KO mice to experience SNC80-induced seizure points to a potential beneficial role for 

this isoform in maintaining seizure threshold, which could be of use in the treatment of epilepsy. 

In this study, we provide additional insights regarding potential therapeutic benefits of β-arrestin 

signaling in reducing anxiety-like behavior. Providing adequate relief of chronic pain is not trivial, 

partly because it is often associated with negative affect (Corder et al., 2019; Massaly et al., 2019) 

including anxiety, which may exacerbate pain (al Absi & Rokke, 1991). δOR agonists have been 

proposed as potential treatment for chronic pain disorders (Pradhan et al., 2011), partly because 
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they have the ability to not only provide analgesia, but also treat comorbid anxiety and depression 

(Perrine et al., 2006; Saitoh et al., 2004; van Rijn et al., 2010). However, our results would argue 

that developing G protein-biased δOR agonists may produce drugs that are suboptimal for the 

treatment of complex chronic pain; our findings suggest such a drug would not alleviate co-morbid 

fear and anxiety, but potentially even worsen these symptoms. Thus, our study results argue in 

favor of a reassessment of drug development efforts that seek solely to identify G protein-biased 

drugs. Instead, we propose that efforts should be directed towards the development of drugs with 

finely tuned bias and, if possible, towards development of molecules that are biased against a single 

β-arrestin isoform rather than both isoforms. 

2.4.7 Conclusion 

Overall, our results begin to reveal the complex- and context-specific nature of GPCR biased 

signaling in modulation of fear-related and anxiety-like behavior. These results expand our current 

understanding of therapeutic effects of β-arrestin signaling in mood disorders, which ultimately 

may aid development of more efficacious pharmacological treatment options for these disorders.
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CHAPTER 3. COMMONLY USED ANESTHESIA/EUTHANASIA 
METHODS FOR BRAIN COLLECTION DIFFERENTIALLY IMPACT 

MAPK ACTIVITY IN MALE AND FEMALE C57BL/6 MICE 

This chapter is comprised of data that has been peer-reviewed and published in Frontiers in 
Cellular Neuroscience (Ko, Mulia, et al., 2019). 

3.1 Introduction 

The classical MAPK is a family of three protein kinases, specifically ERK1/2, JNK, and p38 

kinases. MAPKs have many functions including in the central nervous system where they can 

regulate neuronal proliferation, differentiation, and apoptosis through phosphorylation and 

activation of subsequent protein kinases (Johnson & Lapadat, 2002; Sweatt, 2001). MAPKs are 

expressed in the soma, dendrites, and axons of neurons (Flood et al., 1998) as well as in glia and 

are integral in glioma formation and neurodegeneration (Cheng et al., 2013; Koistinaho & 

Koistinaho, 2002; Stariha & Kim, 2001). MAPKs can be phosphorylated following activation of 

receptor tyrosine kinases as well as G protein-coupled receptors, which can occur indirectly by 

cross-talk with receptor tyrosine kinases or more directly via protein kinase A and C signaling 

pathways (Kim & Choi, 2015; Marinissen & Gutkind, 2001; Wetzker & Bohmer, 2003). As part 

of the signaling transduction cascade of these receptors, MAPKs regulate behavioral performance 

such as fear conditioning and spatial learning (Besnard et al., 2014), and long-term synaptic 

plasticity in the brain (Thomas & Huganir, 2004), drug addiction (Lu et al., 2006), anxiety-like 

and depressive-like behavior (Duman et al., 2007; Huang & Lin, 2006; Wefers et al., 2012) 

signifying the importance of studying MAPK signaling pathways in various neuropsychiatric 

disorders. Interestingly, MAPKs have been found to scaffold with β-arrestin proteins (Shenoy & 

Lefkowitz, 2011) and linked for example to the aversive properties of κ-opioid receptor drugs 

(Bruchas & Chavkin, 2010; Ehrich et al., 2015).  

Many studies investigating MAPK function in relation to neuropsychiatric disorders or drug 

efficacy rely on immunohistochemistry or immunoblotting that require brain extraction. However, 

the process of tissue collection may directly impact MAPK signaling and obscure any changes 

induced by a drug or disorder under investigation. Ketamine, which is often used in combination 

with xylazine to anesthetize animals prior to brain collection, is known to modulate MAPK 
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signaling (Reus et al., 2014). Another commonly used strategy for brain isolation is the anesthetic 

isoflurane, which may induce neuroinflammation and increase JNK phosphorylation (Altay et al., 

2014). A third method, euthanasia by carbon dioxide asphyxiation, induces a hypoxic state and 

leading to activation of MAPK signal processes of cell survival (Risbud et al., 2005). Fourthly, a 

rapid decapitation without anesthesia may trigger a stress response, and modulate MAPK signaling 

in the prefrontal cortex and the hippocampus (Meller et al., 2003).  

Given the possibility of false negative results, due to potentially high basal MAPK activity 

caused by the different modes of anesthesia/euthanasia, it is imperative to evaluate to what extent 

the choice of anesthesia/euthanasia can influence baseline MAPK activity. Thus, we assessed 

activation of ERK1/2, JNK and p38 by Western blot using brain tissue collected from adult male 

and female C57BL/6 mice isolated following the four aforementioned anesthesia/euthanasia 

methods: ketamine/xylazine, carbon dioxide asphyxiation, isoflurane, and decapitation. For this 

investigation, we selectively isolated five brain regions, specifically the prefrontal cortex, the 

nucleus accumbens, the striatum, the dorsal hippocampus, and the amygdala, that are known for 

their roles in neuropsychiatric disorders. This is the first study to present the impact of different 

anesthesia/euthanasia methods in MAPK signaling pathway of the adult male and female mice 

brain. The findings provide crucial information to researchers who are seeking the optimal 

anesthesia/euthanasia methods for their neuropsychological and pharmacological studies. 

3.2 Materials and methods 

3.2.1 Animals 

We utilized naïve C57BL/6 mice purchased from Envigo (Indianapolis, IN, USA). Young adult 

(7-week-old) male and female mice were group housed in ventilated Plexiglas cages (three mice 

per cage) on a reversed 12-hour dark-light cycle (lights off at 10:00, lights on at 22:00, and used 

for experimental procedures when they reached 8-9-week-old (20±2g). Unless it is stated 

otherwise, 3 mice per group were used to test the molecular changes in the brain. Naïve mice 

groups were randomly assigned to each group. No animal was excluded from the study. All mice 

handling was performed by one scientist (MJK) to avoid stress induced by multiple handlers. Mice 

were maintained at ambient temperature (21°C) with ad libitum access to standard rodent diet and 

pathogen free reverse-osmosis water in an animal housing facility recognized by the Association 
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for Assessment and Accreditation of Laboratory Animal Care. This study was carried out in 

accordance with the ARRIVE guidelines (Kilkenny et al., 2012) and the recommendations of the 

National Institutes of Health Guide for the Care and Use of Laboratory Animals. The protocol 

(#1605001408 by RMvR) was approved by the Purdue University Institutional Animal Care and 

Use Committee. 

3.2.2 Anesthesia/Euthanasia Methods 

The mice brains were collected in a separate suite at the same time of the day during their active 

cycle following four different anesthesia and euthanasia methods: 1) Ketamine/Xylazine: mice 

were decapitated 45 minutes following an intraperitoneal injection of 100 mg/kg  (#VINB-KET0-

7021, Henry Schein Animal Health, Dublin, OH) with 10 mg/kg xylazine hydrocholoride 

supplement (#X1251-1G, Sigma-Aldrich, St. Louis, MO), 2) Isoflurane: mice were placed in a 

plexiglas chamber with 5 % isoflurane, USP (#NDC 13985-046-60, VetOne, Boise, ID) for five 

minutes, and decapitated when fully sedated, as measured by a lack of active paw reflex, 3) 

Carbon Dioxide Asphyxiation: mice were placed in a new cage with corn cob bedding, and 

immediately euthanized by displacement of air with 100 % carbon dioxide, within 5 minutes and 

decapitated for tissue collection, 4) Decapitation: mice were gently restrained and decapitated in 

a new cage to minimize the exposure to blood from conspecific mice.  

3.2.3 Tissue collection and sample preparation 

The mice brains were rapidly removed and coronally sliced in brain matrix (#RBMS-205C, Kent 

scientific, Torrington, CT). Sliced brains were flash-frozen with dry-iced chilled (-40°C) 2-

methylbutane (#03551-4, Fisher Scientific, Waltham, MA). The prefrontal cortex (Bregma = +2 

mm to +5 mm), the dorsal hippocampus and the amygdala (Bregma = -2 mm to -1 mm), the 

striatum and the nucleus accumbens (Bregma = +0.5 mm to +1.5 mm) were collected using 1 mm 

biopsy punch (#15110-10, Miltex, Plainsboro, NJ) based on Elsevier® The mouse brain in 

stereotaxic coordinates. The punches, which targeted a specific brain region, collected a majority 

of the tissue, but its adjacent tissues were not completely excluded. For instance, the punches for 

the dorsal hippocampus collected a majority of the dorsal dentate gyrus and CA3 with limited 

lateral ventricle regions but did not collect the ventral hippocampal regions. Collected tissues were 

mixed with RIPA buffer and 1x protease inhibitor (#1861280, Fisher Scientific) and homogenized 
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with a Wheaton® tissue grinder (#357535 & 357537, DWK Life Sciences, Millville, NJ). 

Additional Sample homogenization was performed using an ultrasonic disruption on ice (Level 3, 

1-second per pulse, and 10 pulses total) using a probe-type sonicator (#XL-2000, Qsonica, 

Newtown, CT), and centrifuged at 12,000 rpm, 4 °C for 20 minutes. Supernatant of the samples 

were quantified using the BSA assay (#5000006, Biorad, Hercules, CA) for further preparation for 

the Western blot. Samples were prepared with 4 x Laemmli (#1610747, Biorad) and boiled at 

98 °C for 5 minutes prior to loading.  

3.2.4 SDS-Page and Western blot 

10 μg/20 ul samples were loaded in each well of NuPage 4-12 % Bis-Tris gradient gels 

(#NP0336BOX, Fisher Scientific) and transferred to nitrocellulose transfer membranes (#1620115, 

BioRad). The membrane was blocked in LiCor blocking buffer overnight at 4 °C, and probed with 

the appropriate primary antibodies ERK1/2 (1:2000, Cell Signaling 4696S, Lot: #22), pERK1/2 

(1:2000, Santa Cruz 7976-R, Lot: #C1113), p38 (1:2000, Bioss 0637R, Lot: #AE020601), pp38 

(1:500, Cell Signaling 9216S, Lot: #27), JNK (1:2000, Cell Signaling 9252S, Lot: #17), pJNK 

(1:2000, Santa Cruz 6254, Lot: #B2117), and α-Tubulin (1:2000, Santa Cruz 5286, Lot: #G3117) 

for 1 hour at room temperature. All membranes were washed in TBS based 0.1 % Tween 20 

solution (#9416, Sigma-Aldrich), and further probed with corresponding LiCor Near-infrared 

fluorescent secondary antibodies (1:5000, LiCor 926-68020 Lot: #C60824-02, LiCor 926-32211 

Lot: #C61103-06) for 2 hours at room temperature. All membranes were washed in TBS based 

0.1 % Tween 20 solution and scanned using a LiCor Odyssey® CLx Scanner. The total-form 

protein, the phspho-form protein, and the α-Tubulin were from the same membrane to reduce the 

impact of potential variability. Each band of the blots was cut based on their size (e.g. 42/44 kDa 

for ERK1/2 and 50 kDa for α-Tubulin). Proteins that shared the same size were stained 

simultaneously using different hosts of their primary antibodies and their corresponding near-

intrared fluorescent secondary antibodies. Furthermore, to improve the scientific rigor, both total-

form protein (e.g. ERK1/2 and α-Tubulin) were utilized as an internal loading control to normalize 

the phospho-form protein (e.g. pERK1/2). For instance, pERK1/2 expression levels were divided 

by ERK1/2, which was previously normalized by α-Tubulin expression levels. 
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3.2.5 Statistics 

All data are presented as means ± standard error of the mean (SEM). The relatively small SEM 

between samples allowed for the minimum group size of three animals. For the Western blot, all 

data was measured and quantified by ImageJ, and analyzed by one-way ANOVA. The post-hoc 

analysis was conducted with the Tukey’s multiple comparisons unless it is stated otherwise. For 

sex difference, 2-way ANOVA was used to test for differences in means for sex effects and 

interaction (sex x drug) effects, and Tukey’s multiple comparisons were used to compare each 

group when significant differences were found. All data was evaluated using GraphPad Prism 7 

(GraphPad Software, La Jolla, CA).  

3.3 Results 

3.3.1 The use of different general anesthesia and euthanasia methods has a strong impact on 
extracellular signal-regulated kinase 1 and 2 (ERK1/2) activity 

Five different brain regions including the prefrontal cortex, the striatum, the nucleus accumbens, 

the amygdala, and the hippocampus were collected with tissue puncture and further analyzed using 

the Western blot (Figure 3.1). In all five-brain regions of male mice, one-way ANOVA analysis 

revealed statistically significant differences in ERK1/2 phosphorylation between euthanasia 

methods (Figure 3.2 a-r; prefrontal cortex: F3, 8 = 14.47, p=0.001; striatum: F3, 20 = 11.74, 

p=0.0001; nucleus accumbens: F3, 8 = 12.88, p=0.002; hippocampus: F3, 20 = 6.63, p=0.003; 

amygdala: F3, 8 = 12.62, p=0.002). Similar results were obtained in the female brain (Figure 3.2 c-

t; prefrontal cortex: F3, 8 = 9.923, p=0.005; striatum: F3, 20 = 22.56, p<0.0003; nucleus accumbens: 

F3, 8 = 13.04, p=0.002; hippocampus: F3, 20 = 16.18, p=0.02; amygdala: F3, 8 = 23.03, p=0.0003). 

Especially, decapitation and isoflurane led to statistically significant increases in ERK1/2 

phosphorylation relative to carbon dioxide asphyxiation in both males and females (Figure 3.2 a-

r for males; Figure 3.2 c-t for females; see Table 3.1 for post-hoc multiple comparison). Mice 

euthanized with ketamine/xylazine displayed stronger ERK1/2 activity than carbon dioxide 

asphyxiation in the male hippocampus (Figure 3.2 m, n), the female striatum (Figure 3.2 g, h), 

the female hippocampus (Figure 3.2 o, p), and the female amygdala (Figure 3.2 s, t). Mice 

euthanized with isoflurane showed more pronounced ERK1/2 activity than ketamine/xyalzine in 

the male prefrontal cortex (Figure 3.2 a, b), the male striatum (Figure 3.2 e, f), the female 

prefrontal cortex (Figure 3.2 c, d), the female striatum (Figure 3.2 g, h), and the female nucleus 
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accumbens (Figure 3.2 k, l; see Table 3.1 for post-hoc multiple comparison). Especially, to 

increase the reproducibility and scientific rigor of the study, we performed two separate studies 

using the same paradigm in selected brain regions such as the male and female striatum and 

hippocampus (Figure 3.6). In both trials, we observed similar trends of ERK1/2 activation in 

general (Figure 3.6; see Table 3.5 for post-hoc multiple comparison), further supporting the 

reproducibility of the paradigm. 

3.3.2 Impact of different general anesthesia and euthanasia methods on c-Jun N-terminal kinase 
activity 

Of the five tested brain regions, statistically significant differences in JNK phosphorylation 

between euthanasia methods were only observed in the male striatum (Figure 3.3 e, f; One-way 

ANOVA, F3, 8 = 4.399, p=0.04), the male nucleus accumbens (Figure 3.3 i, j; F3, 8 = 5.765, p=0.02), 

the female nucleus accumbens (Figure 3.3 k, l; F3, 8 = 4.345, p=0.04), the female amygdala (Figure 

3.3 s, t; F3, 8 = 7.982, p=0.009). However, for the other brain regions we did not find any statistical 

significant differences between euthanasia methods in males (Figure 3.3 a, b for the prefrontal 

cortex, F3, 8 = 1.898, p=0.2; Figure 3.3 m, n for the hippocampus, F3, 8 = 1.641, p=0.26; Figure 

3.3 q, r for the amygdala, F3, 8 = 2.832, p=0.1) nor in females (Figure 3.3 k, l for the prefrontal 

cortex, F3, 8 = 2.162, p=0.17; Figure 3.3 g, h for the striatum, F3, 8 = 1.906, p=0.2; Figure 3.3 o, p 

for the hippocampus). Furthermore, decapitation showed a statistical significant increase in JNK 

activity compared to carbon dioxide asphyxiation in the male striatum (Figure 3.3 e, f), the male 

nucleus accumbens (Figure 3.3 i, j), the female nucleus accumbens (Figure 3.3 k, l), and the 

female amygdala (Figure 3.3 s, t; see Table 3.2 for post-hoc multiple comparison). Relative to 

carbon dioxide asphyxiation, ketamine/xylazine usage also produced a statistically significant 

increase in JNK levels in the male nucleus accumbens (Figure 3.3 i, j) and the female amygdala 

(Figure 3.3 s, t; see supplementary table for post-hoc multiple comparison). In the female 

amygdala, a significant increase in JNK levels in response to isoflurane was observed compared 

to carbon dioxide asphyxiation (Figure 3.3 s, t; see Table 3.2 for post-hoc multiple comparison).
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Figure 3.1 Schematic diagrams of collected brain tissues 
Specific brain regions were isolated from brain tissue sections using disposable punches. (a) The prefrontal cortex  (Bregma +2 mm to 
+5 mm), (b) The striatum & the nucleus accumbens (Bregma + 0.5 mm to +1.5 mm), and (c) The dorsal hippocampus (Bregma -1 mm 
to -2 mm).
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Figure 3.2 ERK1/2 expression levels to different anesthesia/euthanasia methods in the adult male 
and female mice brain 

To test the impact of different anesthetic/euthanasia in MAPK activity, ERK1/2 expression levels 
were analyzed by the Western blot following the different anesthetic/euthanasia procedures in the 
male prefrontal cortex (a, b), the male striatum (e, f), the male nucleus accumbens (i, j), the male 
hippocampus (m, n), the male amygdala (q, r), as well as in the female prefrontal cortex (c, d), the 
female striatum (g, h), the female nucleus accumbens (k, l), the female hippocampus (o, p), and 
the female amygdala (s, t). Representative western blot images were presented next to 
corresponding bar graphs. All data was represented as mean ± SEM, and analyzed with one-way 
ANOVA with Tukey’s multiple comparison (*p < 0.05, ** p <0.01, *** p < 0.001). For 
abbreviation, ‘iso’ represents isoflurane; ‘CO2’ represents carbon dioxide asphyxiation; ‘K/X’ 
represents ketamine and xylazine administration; ‘Decap’ represents decapitation without 
anesthesia.
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Table 3.1. Statistical analysis of ERK1/2 expression levels in the brain by different anesthetic and euthanasia methods 

Statistical differences of ERK1/2 expression levels in mouse brain shown in Figure 3.2. Significance between groups was calculated by 
one-way ANOVA followed by a Tukey’s multiple comparison (*p<0.05, **p<0.01, ***p<0.001, ***p<0001, and ns=not significant).

ERK1/2 # of samples Test F-value p-value Group Mean Post hoc analysis Group Comparison Mean Diff. p-value Significance
Iso vs. CO2 88.6300 0.0034 **

Iso 102.7 Iso vs. K/X 68.7100 0.0151 *

CO2 14.03 Iso vs. Decap 2.6650 0.9985 ns

K/X 33.96 CO2 vs. K/X -19.9200 0.6546 ns

Decap 100 CO2 vs. Decap -85.9700 0.0041 **

K/X vs. Decap -66.0400 0.0187 *

Iso vs. CO2 62.6100 0.0040 **

Iso 120.8 Iso vs. K/X 43.7500 0.0296 *

CO2 58.18 Iso vs. Decap 20.7900 0.3827 ns

K/X 77.04 CO2 vs. K/X -18.8600 0.4582 ns

Decap 100 CO2 vs. Decap -41.8200 0.0368 *

K/X vs. Decap -22.9600 0.3085 ns

Iso vs. CO2 62.2200 0.0004 ***

Iso 101.1 Iso vs. K/X 36.2200 0.0389 *

CO2 38.87 Iso vs. Decap 1.0850 0.9998 ns

K/X 64.86 CO2 vs. K/X -26.0000 0.1884 ns

Decap 100 CO2 vs. Decap -61.1300 0.0004 ***

K/X vs. Decap -35.1400 0.0466 *

Iso vs. CO2 63.0800 <0.0001 ****

Iso 99.99 Iso vs. K/X 37.2800 0.0031 **

CO2 36.91 Iso vs. Decap -0.0071 >0.9999 ns

K/X 62.71 CO2 vs. K/X -25.7900 0.0489 *

Decap 100 CO2 vs. Decap -63.0900 <0.0001 ****

K/X vs. Decap -37.2900 0.0031 **

Iso vs. CO2 61.0100 0.0122 *

Iso 75.52 Iso vs. K/X 25.8500 0.3425 ns

CO2 14.51 Iso vs. Decap -24.4800 0.3840 ns

K/X 49.67 CO2 vs. K/X -35.1600 0.1464 ns

Decap 100 CO2 vs. Decap -85.4900 0.0016 **

K/X vs. Decap -50.3300 0.0334 *

Iso vs. CO2 99.4500 0.0021 **

Iso 116.2 Iso vs. K/X 59.4900 0.0384 *

CO2 16.77 Iso vs. Decap 16.2200 0.7931 ns

K/X 56.74 CO2 vs. K/X -39.9700 0.1825 ns

Decap 100 CO2 vs. Decap -83.2300 0.0063 **

K/X vs. Decap -43.2600 0.1410 ns

Iso vs. CO2 57.5300 0.0135 *

Iso 88.77 Iso vs. K/X 3.7300 0.9960 ns

CO2 31.24 Iso vs. Decap -11.2300 0.9084 ns

K/X 85.04 CO2 vs. K/X -53.8000 0.0218 *

Decap 100 CO2 vs. Decap -68.7600 0.0030 **

K/X vs. Decap -14.9600 0.8112 ns

Iso vs. CO2 46.7600 <0.0001 ****

Iso 99.22 Iso vs. K/X 9.6990 0.6151 ns

CO2 52.46 Iso vs. Decap -0.7762 0.9996 ns

K/X 89.52 CO2 vs. K/X -37.0700 0.0007 ***

Decap 100 CO2 vs. Decap -47.5400 <0.0001 ****

K/X vs. Decap -10.4800 0.5557 ns

Iso vs. CO2 82.5000 0.0026 **

Iso 106.2 Iso vs. K/X 37.6000 0.1336 ns

CO2 23.74 Iso vs. Decap 6.2430 0.9742 ns

K/X 68.64 CO2 vs. K/X -44.9000 0.0674 ns

Decap 100 CO2 vs. Decap -76.2600 0.0042 **

K/X vs. Decap -31.3600 0.2352 ns

Iso vs. CO2 75.4100 0.0004 ***

Iso 101.1 Iso vs. K/X 24.9100 0.1553 ns

CO2 25.73 Iso vs. Decap 1.1380 0.9995 ns

K/X 76.23 CO2 vs. K/X -50.5000 0.0055 **

Decap 100 CO2 vs. Decap -74.2700 0.0004 ***

K/X vs. Decap -23.7700 0.1805 ns

P=0.0013 Tukey's Multiple Comparison Test
Figure 3.2-a

(Prefrontal cortex-M)

Figure 3.2-c
(Prefrontal cortex-F) One-Way ANOVA test F (3, 8) = 9.923 P=0.0045 Tukey's Multiple Comparison Test

Figure 3.2-e
(Striatum-M) One-Way ANOVA test F (3, 20) = 11.74 P=0.0001 Tukey's Multiple Comparison Test

One-Way ANOVA test F (3, 8) = 14.47

Figure 3.2-g
(Striatum-F) One-Way ANOVA test F (3, 20) = 22.56 P<0.0001 Tukey's Multiple Comparison Test

Figure 3.2-i
(Nucleus Accumbens-

M)
One-Way ANOVA test F (3, 8) = 12.88 P=0.0020 Tukey's Multiple Comparison Test

Tukey's Multiple Comparison Test

Figure 3.2-k
(Nucleus Accumbens-F) One-Way ANOVA test F (3, 8) = 13.04 P=0.0019 Tukey's Multiple Comparison Test

Figure 3.2-m
(Hippocampus-M) One-Way ANOVA test F (3, 20) = 6.63 P=0.0027 Tukey's Multiple Comparison Test

Figure 3.2-s
(Amygdala-F) One-Way ANOVA test F (3, 8) = 23.03 P=0.0003 Tukey's Multiple Comparison Test
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Figure 3.2-o
(Hippocampus-F) One-Way ANOVA test F (3, 20) = 16.18 P<0.0001 Tukey's Multiple Comparison Test

Figure 3.2-q
(Amygdala-M) One-Way ANOVA test F (3, 8) = 12.62 P=0.0021
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Figure 3.3 JNK expression levels to different anesthesia/euthanasia methods in the adult male 
and female mice brain 

JNK expression levels were analyzed by the Western blot following the different 
anesthetic/euthanasia procedures in the male prefrontal cortex (a, b), the male striatum (e, f), the 
male nucleus accumbens (i, j), the male hippocampus (m, n), the male amygdala (q, r), as well as 
in the female prefrontal cortex (c, d), the female striatum (g, h), the female nucleus accumbens (k, 
l), the female hippocampus (o, p), and the female amygdala (s, t). Each group has three replicates 
for statistial analysis. Representative western blot images were presented next to corresponding 
bar graphs. All data was represented as mean ± SEM, and analyzed with one-way ANOVA with 
Tukey’s multiple comparison (*p < 0.05).
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Table 3.2. Statistical analysis of JNK expression levels in the brain by different anesthetic and euthanasia methods 

Statistical differences of JNK expression levels in mouse brain shown in Figure 3.3. Significance between groups was calculated by 
one-way ANOVA followed by a Tukey’s multiple comparison (*p<0.05, and ns=not significant).

JNK # of samples Test F-value p-value Group Mean Post hoc analysis Group Comparison Mean Diff. p-value Significance
Iso vs. CO2 31.4800 0.2128 ns

Iso 111.2 Iso vs. K/X 25.3900 0.3628 ns
CO2 79.74 Iso vs. Decap 11.2200 0.8651 ns
K/X 85.83 CO2 vs. K/X -6.0870 0.9737 ns

Decap 100 CO2 vs. Decap -20.2600 0.5368 ns
K/X vs. Decap -14.1700 0.7675 ns

Iso vs. CO2 14.9400 0.3748 ns
Iso 102.7 Iso vs. K/X -6.6810 0.8663 ns

CO2 87.72 Iso vs. Decap 2.6580 0.9893 ns
K/X 109.3 CO2 vs. K/X -21.6200 0.1368 ns

Decap 100 CO2 vs. Decap -12.2800 0.5261 ns
K/X vs. Decap 9.3390 0.7135 ns

Iso vs. CO2 12.4800 0.4436 ns
Iso 86.14 Iso vs. K/X -10.0200 0.6088 ns

CO2 73.66 Iso vs. Decap -13.8600 0.3625 ns
K/X 96.16 CO2 vs. K/X -22.4900 0.0841 ns

Decap 100 CO2 vs. Decap -26.3400 0.0425 *
K/X vs. Decap -3.8430 0.9605 ns

Iso vs. CO2 23.3800 0.4762 ns
Iso 87.48 Iso vs. K/X -2.0070 0.9992 ns

CO2 64.11 Iso vs. Decap -12.5200 0.8495 ns
K/X 89.49 CO2 vs. K/X -25.3900 0.4122 ns

Decap 100 CO2 vs. Decap -35.8900 0.1736 ns
K/X vs. Decap -10.5100 0.9027 ns

Iso vs. CO2 18.4200 0.1291 ns
Iso 91.41 Iso vs. K/X -6.9200 0.7801 ns

CO2 72.99 Iso vs. Decap -8.5920 0.6552 ns
K/X 98.33 CO2 vs. K/X -25.3400 0.0340 *

Decap 100 CO2 vs. Decap -27.0100 0.0247 *
K/X vs. Decap -1.6720 0.9954 ns

Iso vs. CO2 20.2700 0.1924 ns
Iso 90.35 Iso vs. K/X -5.9720 0.9093 ns

CO2 70.08 Iso vs. Decap -9.6490 0.7184 ns
K/X 96.32 CO2 vs. K/X -26.2500 0.0768 ns

Decap 100 CO2 vs. Decap -29.9200 0.0433 *
K/X vs. Decap -3.6770 0.9759 ns

Iso vs. CO2 19.0600 0.6364 ns
Iso 94.25 Iso vs. K/X -14.5500 0.7923 ns

CO2 75.19 Iso vs. Decap -5.7500 0.9821 ns
K/X 108.8 CO2 vs. K/X -33.6100 0.2200 ns

Decap 100 CO2 vs. Decap -24.8100 0.4402 ns
K/X vs. Decap 8.8000 0.9411 ns

Iso vs. CO2 40.0900 0.0710 ns
Iso 114.2 Iso vs. K/X 9.3400 0.8988 ns

CO2 74.07 Iso vs. Decap 14.1600 0.7306 ns
K/X 104.8 CO2 vs. K/X -30.7500 0.1856 ns

Decap 100 CO2 vs. Decap -25.9300 0.2960 ns
K/X vs. Decap 4.8190 0.9836 ns

Iso vs. CO2 16.8400 0.3851 ns
Iso 105.9 Iso vs. K/X -11.4900 0.6677 ns

CO2 89.1 Iso vs. Decap 5.9380 0.9299 ns
K/X 117.4 CO2 vs. K/X -28.3300 0.0819 ns

Decap 100 CO2 vs. Decap -10.9000 0.7008 ns
K/X vs. Decap 17.4300 0.3588 ns

Iso vs. CO2 38.3600 0.0300 *
Iso 96.32 Iso vs. K/X -8.4180 0.8601 ns

CO2 57.97 Iso vs. Decap -3.6800 0.9852 ns
K/X 104.7 CO2 vs. K/X -46.7700 0.0105 *

Decap 100 CO2 vs. Decap -42.0300 0.0188 *
K/X vs. Decap 4.7380 0.9696 ns

P=0.2084 Tukey's Multiple Comparison Test

Figure 3.3-c
(Prefrontal cortex-F) 3 One-Way ANOVA test F (3, 8) = 2.162 P=0.1705 Tukey's Multiple Comparison Test

Figure 3.3-e
(Striatum-M) 3 One-Way ANOVA test F (3, 8) = 4.399 P=0.0417 Tukey's Multiple Comparison Test

One-Way ANOVA test F (3, 8) = 1.898Figure 3.3-a
(Prefrontal cortex-M) 3

Tukey's Multiple Comparison Test

Figure 3.3-i
(Nucleus Accumbens-

M)
3 One-Way ANOVA test F (3, 8) = 5.765 P=0.0213 Tukey's Multiple Comparison Test

Figure 3.3-k
(Nucleus Accumbens-F) 3 One-Way ANOVA test F (3, 8) = 4.345 P=0.0429 Tukey's Multiple Comparison Test

Figure 3.3-g
(Striatum-F) 3 P=0.2071One-Way ANOVA test F (3, 8) = 1.906

Tukey's Multiple Comparison Test

Figure 3.3-o
(Hippocampus-F) 3 One-Way ANOVA test F (3, 8) = 3.2 P=0.0837 Tukey's Multiple Comparison Test

Figure 3.3-q
(Amygdala-M) 3 One-Way ANOVA test F (3, 8) = 2.832 P=0.1063 Tukey's Multiple Comparison Test

Figure 3.3-m
(Hippocampus-M) 3 P=0.2556One-Way ANOVA test F (3, 8) = 1.641

P=0.0087 Tukey's Multiple Comparison TestOne-Way ANOVA test F (3, 8) = 7.982Figure 3.3-s
(Amygdala-F) 3
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3.3.3 Different general anesthesia and euthanasia methods do not impact p38 kinase activity 

No statistical difference between euthanasia methods were observed in p38 activity in males 

(Figure 3.4 a, b for the prefrontal cortex, F3, 8 = 0.1404, p=0.9; Figure 3.4 e, f for the striatum, F3, 

8 = 0.008209, p=1,0; Figure 3.4 i, j for the nucleus accumbens, F3, 8 = 0.4954, p=0.7; Figure 3.4 
m, n for the hippocampus, F3, 8 = 1.146, p=0.4; Figure 3.4 q, r for the amygdala, F3, 8 = 0.429, 

p=0.7; see Table 3.3 for post-hoc multiple comparison) or in females (Figure 3.4 c, d for the 

prefrontal cortex, F3, 8 = 1.91, p=0.2; Figure 3.4 g, h for the striatum, F3, 8 = 2.528, p=0.13; Figure 
3.4 k, l for the nucleus accumbens, F3, 8 = 0.2177, p=0.9; Figure 3.4 o, p for the hippocampus, F3, 

8 = 0.37, p=0.78; Figure 3.4 s, t for the amygdala, F3, 8 = 1.451, p=0.3; see Table 3.3 for post-hoc 

multiple comparison). 

3.3.4 No sex difference of ERK1/2 activity levels to different general euthanasia methods was 
observed in the hippocampus and the striatum of both sexes 

To investigate if different euthanasia methods impacted MAPK activity across sexes, we tested 

the ERK1/2 activity to four euthanasia methods in the hippocampus and the striatum of male and 

female mice. Using 2-way ANOVA, we observed no significant sex effects for ERK1/2 activity 

between different anesthesia/euthanasia methods in the striatum (Figure 3.5 a; F3, 16= 0.1196, 

p=0.9473), and the hippocampus (Figure 3.5 b; F3, 15= 0.1157, p=9495 see Table 3.4 for post-hoc 

multiple comparison).
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Figure 3.4 p38 expression levels to different anesthesia/euthanasia methods in the adult male and 
female mice brain 

p38 expression levels were analyzed by the Western blot following the different 
anesthetic/euthanasia procedures in the male prefrontal cortex (a, b), the male striatum (e, f), the 
male nucleus accumbens (i, j), the male hippocampus (m, n), the male amygdala (q, r), as well as 
in the female prefrontal cortex (c, d), the female striatum (g, h), the female nucleus accumbens (k, 
l), the female hippocampus (o, p), and the female amygdala (s, t). Each group has three replicates 
for statistial analysis. Representative western blot images were presented next to corresponding 
bar graphs. All data was represented as mean ± SEM, and analyzed with one-way ANOVA.
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Table 3.3. Statistical analysis of p38 expression levels in the brain by different anesthetic and euthanasia methods 

Statistical differences of p38 expression levels in mouse brain shown in Figure 3.4. Significance between groups was calculated by one-
way ANOVA followed by a Tukey’s multiple comparison (*p<0.05, **p<0.01, ***p<0.001, ***p<0001, and ns=not significant) 

 

p38 # of samples Test F-value p-value Group Mean Post hoc analysis Group Comparison Mean Diff. p-value Significance
Iso vs. CO2 -8.3600 0.9421 ns

Iso 98.23 Iso vs. K/X -6.7800 0.9675 ns
CO2 106.6 Iso vs. Decap -1.7740 0.9994 ns
K/X 105 CO2 vs. K/X 1.5800 0.9995 ns

Decap 100 CO2 vs. Decap 6.5860 0.9700 ns
K/X vs. Decap 5.0060 0.9863 ns

Iso vs. CO2 1.5250 0.9959 ns
Iso 86.51 Iso vs. K/X -4.5610 0.9092 ns

CO2 84.98 Iso vs. Decap -13.4900 0.2809 ns
K/X 91.07 CO2 vs. K/X -6.0860 0.8150 ns

Decap 100 CO2 vs. Decap -15.0200 0.2104 ns
K/X vs. Decap -8.9310 0.5921 ns

Iso vs. CO2 -2.1480 0.9998 ns
Iso 100.1 Iso vs. K/X -3.6950 0.9991 ns

CO2 102.2 Iso vs. Decap 0.0757 >0.9999 ns
K/X 103.8 CO2 vs. K/X -1.5470 >0.9999 ns

Decap 100 CO2 vs. Decap 2.2230 0.9998 ns
K/X vs. Decap 3.7710 0.9991 ns

Iso vs. CO2 17.3200 0.4891 ns
Iso 131.2 Iso vs. K/X 22.5300 0.2897 ns

CO2 113.8 Iso vs. Decap 31.1600 0.1065 ns
K/X 108.6 CO2 vs. K/X 5.2010 0.9688 ns

Decap 100 CO2 vs. Decap 13.8300 0.6528 ns
K/X vs. Decap 8.6310 0.8789 ns

Iso vs. CO2 27.0000 0.6853 ns
Iso 119.2 Iso vs. K/X 22.8300 0.7791 ns

CO2 92.22 Iso vs. Decap 19.2200 0.8521 ns
K/X 96.39 CO2 vs. K/X -4.1630 0.9980 ns

Decap 100 CO2 vs. Decap -7.7770 0.9873 ns
K/X vs. Decap -3.6140 0.9987 ns

Iso vs. CO2 2.3950 0.9823 ns
Iso 99.75 Iso vs. K/X -2.9070 0.9693 ns

CO2 97.35 Iso vs. Decap -0.2512 >0.9999 ns
K/X 102.7 CO2 vs. K/X -5.3020 0.8496 ns

Decap 100 CO2 vs. Decap -2.6470 0.9764 ns
K/X vs. Decap 2.6560 0.9762 ns

Iso vs. CO2 14.4600 0.6378 ns
Iso 116.2 Iso vs. K/X 21.0100 0.3572 ns

CO2 101.7 Iso vs. Decap 16.1700 0.5583 ns
K/X 95.16 CO2 vs. K/X 6.5510 0.9444 ns

Decap 100 CO2 vs. Decap 1.7090 0.9989 ns
K/X vs. Decap -4.8420 0.9760 ns

Iso vs. CO2 23.1700 0.7359 ns
Iso 113.6 Iso vs. K/X 15.5000 0.8975 ns

CO2 90.39 Iso vs. Decap 13.5500 0.9278 ns
K/X 98.05 CO2 vs. K/X -7.6660 0.9852 ns

Decap 100 CO2 vs. Decap -9.6130 0.9718 ns
K/X vs. Decap -1.9470 0.9997 ns

Iso vs. CO2 25.2100 0.8240 ns
Iso 93.94 Iso vs. K/X 5.5420 0.9974 ns

CO2 68.73 Iso vs. Decap -6.0640 0.9966 ns
K/X 88.39 CO2 vs. K/X -19.6700 0.9047 ns

Decap 100 CO2 vs. Decap -31.2700 0.7164 ns
K/X vs. Decap -11.6100 0.9774 ns

Iso vs. CO2 1.6120 0.9999 ns
Iso 138.7 Iso vs. K/X 30.6600 0.5791 ns

CO2 137.1 Iso vs. Decap 38.7200 0.4006 ns
K/X 108.1 CO2 vs. K/X 29.0500 0.6176 ns

Decap 100 CO2 vs. Decap 37.1100 0.4336 ns
K/X vs. Decap 8.0650 0.9847 ns

Figure 3.4-a
(Prefrontal cortex-M) 3 One-Way ANOVA test F (3, 8) = 0.1404 P=0.9330 Tukey's Multiple Comparison Test

Figure 3.4-c
(Prefrontal cortex-F) 3 One-Way ANOVA test F (3, 8) = 1.91 P=0.2065 Tukey's Multiple Comparison Test

P=0.9989 Tukey's Multiple Comparison Test

Figure 3.4-g
(Striatum-F) 3 One-Way ANOVA test F (3, 8) = 2.528 P=0.1309 Tukey's Multiple Comparison Test

Figure 3.4-i
(Nucleus Accumbens-

M)
3 One-Way ANOVA test F (3, 8) = 0.4954 P=0.6955 Tukey's Multiple Comparison Test

One-Way ANOVA test F (3, 8) = 0.008209Figure 3.4-e
(Striatum-M) 3

One-Way ANOVA test F (3, 8) = 0.37 P=0.7769 Tukey's Multiple Comparison Test

One-Way ANOVA test F (3, 8) = 0.2177Figure 3.4-k
(Nucleus Accumbens-F) 3

Figure 3.4-q
(Amygdala-M) 3 One-Way ANOVA test F (3, 8) = 0.429 P=0.7378 Tukey's Multiple Comparison Test

Figure 3.4-s
(Amygdala-F) 3 One-Way ANOVA test F (3, 8) = 1.451 P=0.2988 Tukey's Multiple Comparison Test

P=0.8814 Tukey's Multiple Comparison Test

Figure 3.4-m
(Hippocampus-M) 3 One-Way ANOVA test F (3, 8) = 1.146 P=0.3879 Tukey's Multiple Comparison Test

Figure 3.4-o
(Hippocampus-F) 3
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Figure 3.5 No sex difference of ERK1/2 activation in response to different anesthesia/euthanasia 
methods in selected brain regions 

MAPK activity  were normalized to those observed in the carbon dioxide group, and relative levels 
were analyzed using 2-way ANOVA in the striatum (a), the dorsal hippocampus (b), the 
hippocampus for ERK1/2 activity. Representative western blot images were presented in Figure 
2. All data was represented as mean ± SEM, and analyzed with 2-way ANOVA with Tukey’s 
multiple comparison.
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Table 3.4. Statistical analysis of ERK1/2 expression levels to different anesthetic and euthanasia methods in the male and female mice 

brain 
Statistical differences of ERK1/2 expression levels in male and female mice brain shown in Figure 3.5. Significance between groups 
was calculated by two-way ANOVA followed by a Tukey’s multiple comparison (ns=not significant)

ERK1/2 Test Effect F value p-value Post hoc analysis Significance
Sex x Drug effect F (3, 16) = 0.1196 P=0.9473 CO2: Male vs. Female ns

Drug effect F (3, 16) = 2.432 P=0.1028 Iso: Male vs. Female ns
Sex effect F (1, 16) = 0.3795 P=0.5465 K/X: Male vs. Female ns

Decap: Male vs. Female ns
Sex x Drug effect F (3, 15) = 0.1157 P=0.9495 CO2: Male vs. Female ns

Drug effect F (3, 15) = 0.8593 P=0.4835 Iso: Male vs. Female ns
Sex effect F (1, 15) = 0.1019 P=0.7539 K/X: Male vs. Female ns

Decap: Male vs. Female ns

Figure 3.5-b       
(Hippocampus)

2-Way 
ANOVA

Tukey's Multiple 
Comparisons Test

Figure 3.5-a              
(Striatum)

2-Way 
ANOVA

Tukey's Multiple 
Comparisons Test
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Figure 3.6 Reproducibility of the experimental paradigm 
Reproducibility of the experimental paradigm was tested in selected brain regions using the same 
four anesthetic and euthanasia methods. To increase the scientific rigor and reproducibility, 
ERK1/2 activation in the male striatum (a, b), the female striatum (c, d), the male hippocampus 
(e, f), and the female hippocampus (g, h) to different euthanasia methods were tested in two 
separate trials.
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Table 3.5. Statistical analysis of reproducibility of experimental paradigm 
Statistical differences of ERK1/2 expression levels in mouse brain shown in Figure 3.6 (combined data is in Figure 3.1). Significance 
between groups was calculated by one-way ANOVA followed by a Tukey’s multiple comparison (*p<0.05, **p<0.01,*** p<0.001,and 
ns=not significant).

ERK1/2 # of samples Test F-value p-value Group Mean Post hoc analysis Group Comparison Mean Diff. p-value Significance
Iso vs. CO2 0.0192 0.0012 **

Iso 0.02484 Iso vs. K/X 0.0071 0.1793 ns
CO2 0.005637 Iso vs. Decap -0.0058 0.3167 ns
K/X 0.01771 CO2 vs. K/X -0.0121 0.0194 *

Decap 0.03061 CO2 vs. Decap -0.0250 0.0002 ***
K/X vs. Decap -0.0129 0.0137 *

Iso vs. CO2 0.0104 0.0158 *
Iso 0.02045 Iso vs. K/X 0.0083 0.0489 *

CO2 0.01002 Iso vs. Decap 0.0036 0.5460 ns
K/X 0.01214 CO2 vs. K/X -0.0021 0.8436 ns

Decap 0.01689 CO2 vs. Decap -0.0069 0.1072 ns
K/X vs. Decap -0.0048 0.3227 ns

Iso vs. CO2 0.0160 0.0006 ***
Iso 0.02201 Iso vs. K/X 0.0106 0.0081 **

CO2 0.006021 Iso vs. Decap 0.0003 0.9994 ns
K/X 0.01144 CO2 vs. K/X -0.0054 0.1697 ns

Decap 0.02174 CO2 vs. Decap -0.0157 0.0006 ***
K/X vs. Decap -0.0103 0.0094 **

Iso vs. CO2 0.0089 0.0285 *
Iso 0.01675 Iso vs. K/X 0.0044 0.3495 ns

CO2 0.007827 Iso vs. Decap -0.0002 0.9997 ns
K/X 0.01235 CO2 vs. K/X -0.0045 0.3281 ns

Decap 0.01697 CO2 vs. Decap -0.0091 0.0253 *
K/X vs. Decap -0.0046 0.3139 ns

Iso vs. CO2 0.0095 0.0408 *
Iso 0.01244 Iso vs. K/X -0.0012 0.9752 ns

CO2 0.002983 Iso vs. Decap -0.0087 0.0587 ns
K/X 0.0136 CO2 vs. K/X -0.0106 0.0231 *

Decap 0.02116 CO2 vs. Decap -0.0182 0.0009 ***
K/X vs. Decap -0.0076 0.1047 ns

Iso vs. CO2 0.0101 0.0379 *
Iso 0.01704 Iso vs. K/X 0.0019 0.9213 ns

CO2 0.006945 Iso vs. Decap 0.0027 0.8022 ns
K/X 0.01519 CO2 vs. K/X -0.0082 0.0914 ns

Decap 0.01435 CO2 vs. Decap -0.0074 0.1357 ns
K/X vs. Decap 0.0008 0.9916 ns

Iso vs. CO2 0.0175 0.0263 *
Iso 0.04649 Iso vs. K/X 0.0035 0.8817 ns

CO2 0.02895 Iso vs. Decap -0.0014 0.9906 ns
K/X 0.04298 CO2 vs. K/X -0.0140 0.0733 ns

Decap 0.04789 CO2 vs. Decap -0.0189 0.0177 *
K/X vs. Decap -0.0049 0.7408 ns

Iso vs. CO2 0.0091 0.0114 *
Iso 0.01621 Iso vs. K/X 0.0019 0.8003 ns

CO2 0.00711 Iso vs. Decap 0.0002 0.9996 ns
K/X 0.01428 CO2 vs. K/X -0.0072 0.0391 *

Decap 0.01599 CO2 vs. Decap -0.0089 0.0130 *
K/X vs. Decap -0.0017 0.8496 ns

Tukey's Multiple Comparison Test

Supplemental Figure 3.1-
h

(Hippocampus-F Trial 2)
3 One-Way ANOVA test F (3, 8) = 8.132 P=0.0082 Tukey's Multiple Comparison Test

Tukey's Multiple Comparison Test

Supplemental Figure 3.1-
e

(Hippocampus-M Trial 1)
3 One-Way ANOVA test F (3, 8) = 13.94 P=0.0015 Tukey's Multiple Comparison Test

Supplemental Figure 3.1-
f

(Hippocampus-M Trial 2)
3 One-Way ANOVA test F (3, 8) = 4.46 P=0.0403 Tukey's Multiple Comparison Test

Supplemental Figure 3.1-
g

(Hippocampus-F Trial 1)
3 One-Way ANOVA test F (3, 8) = 6.554

Tukey's Multiple Comparison Test

Supplemental Figure 3.1-
b

(Striatum-M Trial 2)
3 One-Way ANOVA test F (3, 8) = 6.617 P=0.0147 Tukey's Multiple Comparison Test

Supplemental Figure 3.1-
c

(Striatum-F Trial 1)
3 One-Way ANOVA test F (3, 8) = 23.16 P=0.0003 Tukey's Multiple Comparison Test

P=0.0151

Supplemental Figure 3.1-
a

(Striatum-M Trial 1)
3 One-Way ANOVA test F (3, 8) = 23.94 P=0.0002

Supplemental Figure 3.1-
d

(Striatum-F Trial 2)
3 One-Way ANOVA test F (3, 8) = 6.101 P=0.0183
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3.4 Discussion 

The current study evaluated to what degree four commonly used general anesthesia/euthanasia 

methods to collect brain tissue affect MAPK activity in the naïve and healthy male and female 

wild-type mice adult brain. Of the four methods (isoflurane, carbon dioxide asphyxiation, 

ketamine/xylazine, and rapid unanaesthetized decapitation), those brains collected following 

carbon dioxide asphyxiation showed the lowest ERK1/2 phosphorylation in the prefrontal cortex, 

the striatum, the nucleus accumbens, the hippocampus, and the amygdala of male and female adult 

mice. JNK activity showed less pronounced effects in comparison to ERK1/2 activity to different 

anesthesia/euthanasia methods. More specifically, except for the male striatum, the male and 

female nucleus accumbens, and the female amygdala, no significant difference was observed in 

JNK activity between different anesthesia/euthanasia methods. No statistically significant 

difference between groups was observed in terms of p38 activity. Our findings are in agreement 

with a previous study investigating the impact of different anesthesia methods on the metabolomics 

(Overmyer et al., 2015). This study, which however did not study the brain, found that carbon 

dioxide generally produced few significant changes in the metabolomics, whereas isoflurane, 

ketamine and pentobarbital produced more significant changes. Our study complements this 

previous study as similar C57BL/6 mice of comparable age were used, although our experiments 

were performed during the mice’s active cycle (in the dark) and focused on MAPK activity in five 

brain regions linked to various neuropsychiatric disorders.  

Although there are many brain regions that are involved in the modulation of MAPK 

signaling pathways, we specifically chose the prefrontal cortex, the hippocampus, the amygdala, 

the nucleus accumbens, and the striatum as these brain regions are some of the most commonly 

investigated in the field of neuroscience particularly in relation to neuropsychiatric disorders. For 

example, the hippocampus and the amygdala are important brain regions for anxiety disorder 

(Bannerman et al., 2004), memory disorder (Bannerman et al., 2004), and may also be involved in 

attention-deficit and hyperactivity disorder (Onnink et al., 2014), and autistic spectrum disorder 

(Tottenham et al., 2014). For example, consolidation and extinction fear memory required ERK1/2 

in the hippocampus and the basolateral amygdala (Besnard et al., 2014). The striatum and the 

nucleus accumbens are heavily implicated in substance use disorder (Robbins & Everitt, 2002), 

Parkinson’s disease (Surmeier et al., 2014), and epilepsy (Deransart et al., 2000). Especially, 
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MAPK signaling pathway in striatal neurons involved in the formation of neuronal plasticity 

related to addictive behavior (Wang et al., 2004). Furthermore, abnormalities in the prefrontal 

cortex are also implicated in attention-deficit/hyperactivity disorder (Halperin & Schulz, 2006), 

autistic spectrum disorder (Courchesne et al., 2011; Morgan et al., 2010), and various mood 

disorders (Drevets et al., 1997). For instance, MAPK activation mediated by dopaminergic D1 and 

D2 receptors in the prefrontal cortex, which are important for various mood and motor control, is 

also linked to neuronal plasticity (Goto et al., 2010). Therefore, in order to study the neurochemical 

basis of these disorders or how drug treatments correct or alter the cellular signaling, it is important 

to properly assess MAPK activity levels. However, methods used in collecting brain tissue have 

the propensity to change MAPK activity even in naïve wild-type mice.  

In our study, we demonstrated that four anesthetic/euthanasia methods differentially 

impact three MAPKs. In particular, we used the non-anesthetic decapitation method as our control 

group, as it does not result in any major pharmacokinetic and pharmacodynamics interactions in 

the brain. We observed the largest impact of euthanasia method on ERK1/2 activity levels. 

Relative to carbon dioxide asphyxiation, isoflurane produced strong ERK1/2 activation in all brain 

regions of both male and female mice. It has been reported that a low dose (0.7%) of isoflurane 

for a short-term (30 minutes) exposure increased NMDA receptor subtype 2B (NR2B) and its 

downstream ERK1/2 phosphorylation, but a high dose (1.4%) of isoflurane with a long-term (4 

hours) exposure decreased NR2B and ERK1/2 activity as well as increased neuroapoptosis in mice 

hippocampus (Liu et al., 2014). For this study, we briefly (5 minutes) induced with a 5% isoflurane 

dose, which may more closely mimic the 30 minutes 0.7% exposure, the condition that increased 

NR2B and ERK1/2 activity.  

We have also observed that decapitation increased ERK1/2 activity relative to carbon 

dioxide asphyxiation in all tested brain regions of male and female adult mice. These findings 

appear to be in line with previous reports on stress hormone-induced ERK1/2 activation. Acute 

stress may play a role in the modulation of stress hormone receptors such as corticotropin releasing 

hormone (CRH) receptors and glucocorticoid receptors (Meller et al., 2003).  Previous studies 

have shown ERK1/2 activation by acute stress-mediated modulation of stress-related receptors 

such as CRH receptors and glucocorticoid receptors (Kim et al., 2018; Meller et al., 2003), 

suggesting the potential implication of stress in ERK1/2 activation.  
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Systemic administration of ketamine/xylazine also led to significant ERK1/2 activation in 

the male striatum, the male hippocampus, and the female amygdala compared to carbon dioxide 

asphyxiation. It is possible that ketamine activated the mammalian target of rapamycin (mTOR) 

pathway as a NMDA receptor antagonist, which potentially increased ERK1/2 phosphorylation in 

the brain (Li et al., 2010), explaining the increase of ERK1/2 activity in these brain regions. We 

also observed that ERK1/2 activity by ketamine/xylazine is significantly lower than either 

decapitation or isoflurane exposure in some brain regions, it is possible that NR2B-mediated or 

stress-mediated ERK1/2 activation may impact more potent effects in the activation of ERK1/2 

than the systemic administration of ketamine/xylazine. Additionally, we chose 45 minutes time-

point considering situations where prolonged surgeries or perfusions are performed. The mixture 

of 100/10 mg/kg ketamine/xylazine is known to last its anesthetic effects up to 80 minutes with 

reflex suppressions and produces stable heart rates 40 minutes post-injection in mice (Erhardt et 

al., 1984; Xu et al., 2007). However, given that the serum ketamine levels are peaked at 10-20 

minutes (Ganguly et al., 2018), it is possible that there may be more pronounced ERK1/2 activation 

an earlier time-point.  

Studies have also shown the involvement of JNK activation in the isoflurane-mediated 

neuroapoptosis in the hippocampus of neonatal rats (Li et al., 2013; Liao et al., 2014). Yet, we 

only observed that isoflurane increased JNK activation relative to carbon dioxide asphyxiation in 

the amygdala of female mice. As the previous studies used neonatal rats, it is possible that the 

differences in age and species between our and their studies underlie the differences in outcome. 

Additionally, it is also possible that the duration and percentage of isoflurane were not comparable 

to observe similar trends in JNK activation in our hippocampal sections.  

For p38 activity, we originally hypothesized that carbon dioxide asphyxiation similar to a 

reduced oxygen condition (hypoxic condition) may increase p38 activity, because a deprivation of 

oxygen supply by ischemia/hypoxia-induced cerebral injury in the brain may induce activation of 

p38 leading to neuroapoptosis (Bu et al., 2007; Yang et al., 2013). However, we did not observe 

any changes in p38 activity. This could be partly due to the low intensity of the p38 and p-p38 

signal compared to ERK1/2 or JNK. This may either be due to actual low presence of p38 in these 

regions or relative poor quality of the p38/p-p38 antibodies. Another possibility is that a more 

prolonged exposure to low oxygen levels may be required to induce p38 activation. Furthermore, 

given that p38 is an integral MAPK signaling of cellular injury (Hensley et al., 2000), it is also 
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possible that we were unable to observe clear p38 expression levels, because cellular injury was 

not severe enough to express p38. 

Until the day that we can grow entire mouse brains in culture, and therefore won’t need to 

euthanize animals to obtain brain tissue, it is unclear what truly baseline MAPK activity is. 

Currently, we are unable to claim if isoflurane increased ERK1/2 phosphorylation or carbon 

dioxide asphyxiation decreased ERK1/2 activity. However, because there are mechanistic 

rationales for how isoflurane and ketamine can induce activation of MAPK pathways (Reus et al., 

2014), the most logical hypothesis is that the observed MAPK levels obtained from carbon dioxide 

exposed mice are closest to the actual baseline of MAPK activity in adult mice brains. 

We also explored sex as an independent variable. While a previous study found that sex 

hormones impacts MAPK activity through a mechanism involving Tropomyosin-Related Kinase 

B (TrkB) receptors (Carbone & Handa, 2013), we did not observe sex effects in selected brain 

regions such as the hippocampus and the striatum. In our study, we did not take the estrous cycle 

into consideration, and thus it is also possible that the different estrous cycle of the females could 

have weakened the observed sex effects.  

One limitation of our study is that we only used a single mouse strain, specifically the 

C57BL/6 strain, but given that the C57BL/6 strain is one of the most commonly employed strains 

in various neurological studies, the findings should still be broadly informative for researchers 

aiming to optimize brain tissue collections for investigation of MAPK activity. Another potential 

limitation is that we used only healthy and drug-naïve mice. Mice suffering from specific 

neurological conditions or undergoing drug treatments may become more or less susceptible to 

one or more of the different anesthesia/euthanasia methods, and thus caution is advised when 

extrapolating our results to diseased or drug-treated animals. Yet, we are encouraged by the 

similarity of our finding compared to the metabolomics study of these methods (Overmyer et al., 

2015). Additionally, it is noteworthy that we did not exclude the blood as a potential source of 

MAPK since lymphocytes in the blood can contribute to the production of cytokines and further 

activate MAPK signaling through tyrosine kinase (Grace et al., 2014). However, given our 

significant changes in response to the selected anesthetic methods even in presence of blood, the 

impact of anesthetics may be more pronounced than the potential impact of the blood. Finally, 

considering different pharmacokinetic profiles of the pharmacological agents that we used in our 

experimental paradigm, our findings may be limited to the dosage and time-point that we used in 
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our paradigm. Still, our experimental results serve as the foundation to the scientific community 

and allow further advances and optimizations in pharmacological manipulations of MAPK 

signaling studies in the brain.  

Overall, our results demonstrated that euthanasia by carbon dioxide asphyxiation prior to 

brain tissue collection provides minimal naïve MAPK activation. Based on our findings, we 

recommend the usage of carbon dioxide asphyxiation as the method of choice for terminal 

euthanasia for brain tissue collection. Furthermore, for procedures such as transcardiac perfusion 

for immunohistochemistry or stereotaxic surgery that require a prolonged anesthetic method, we 

would recommend a systemic administration of ketamine/xylazine over the use of isoflurane. 

However, we would also recommend careful consideration on the selection of detailed dosages 

and time-points of the drug administration to serve the objective of the experiments. Overall, our 

findings offer vital information for researchers who are seeking methods to optimize brain 

collection to investigate MAPK activity to reduce the risk of false negative results. 
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CHAPTER 4. A CRITICAL EVALUATION OF TRPA1-MEDIATED 
LOCOMOTOR BEHAVIOR IN ZEBRAFISH AS A SCREENING TOOL 

FOR NOVEL ANTI-NOCICEPTIVE DRUG DISCOVERY  

This chapter is comprised of data that has been peer-reviewed and published in Scientific Reports 
(Ko, Ganzen, et al., 2019). Figures 4.12 and 4.13 were produced by Logan Ganzen and Emre 
Coskun, all others were produced by Mee Jung Ko (or Arbaaz Mukadam under supervision of Mee 
Jung Ko). 
 

4.1 Introduction 

Nociception plays an active role in the defense against injury; however, persisting pain may 

become maladaptive and significantly impact an individual’s daily activity and the quality of life. 

Chronic pain, defined as unrelieved and persistent lasts longer than 3 months, is usually treated by 

non-steroidal anti-inflammatory drugs (NSAIDs), anticonvulsants, tricyclic antidepressants, and 

opioids. Despite these treatment options, many patients still complain that their pain is 

insufficiently managed (Dowell et al., 2016). Additionally, opioid-based therapeutics have 

recently been demoted to third- and fourth-line treatment options for chronic pain per the 

guidelines of the Center for Disease Control and Prevention due to their addictive potentials, 

thereby further limiting the number of effective therapies. Thus, a critical need exists to identify 

novel pain targets and develop better analgesics for chronic pain. 

An untapped analgesic target for chronic pain is the Transient Receptor Potential subfamily 

A1 (TRPA1) channel (Chen & Hackos, 2015; Nassini et al., 2014). TRPA1 channels are calcium-

permissive cation channels targeted by thermal (Story et al., 2003; Tominaga, 2007), mechanical 

(Corey et al., 2004; Petrus et al., 2007), and noxious chemical stimuli such as allyl isothiocyanate 

(AITC), acrolein, cinnamaldehyde, allicin, and formalin (Bautista et al., 2005; Due et al., 2014; 

McNamara et al., 2007). Pharmacological inhibition of TRPA1 channels inhibited complete 

Freund's Adjuvant (CFA)-induced mechanical allodynia in wild-type mice, but not in TRPA1-

deficient mice (Petrus et al., 2007). Oral administration of the TRPA1 antagonist, HC-030031, 

increased paw withdrawal threshold in a spinal nerve ligation model of neuropathic pain (Eid et 

al., 2008). Yet, drug development targeting TRPA1 is still in its infancy, and thus far no TRPA1 

ligand has been approved by the Food and Drug Administration. This may be in part because using 
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the rodent models to establish in vivo efficacy of drug candidates can be very expensive and time-

consuming. 

 The limitations associated with using a mouse model early in the drug discovery process 

motivated us to search for an alternative animal model that could expedite the process of validating 

in vivo TRPA1 ligand efficacy. Zebrafish have long been used as a preclinical vertebrate model 

organism for testing pharmacodynamics (absorption, distribution, metabolism and excretion), and 

pharmacokinetics of novel drugs (Zon & Peterson, 2005). The low cost, rapid development and 

high fecundity of zebrafish makes it ideal as a drug-screening tool. Several behavior models of 

neurological and neuropsychiatric-like behavior have been created in zebrafish that mimic those 

established for rodents, such as conditioned place preference (Bretaud et al., 2007) and anxiety-

like behavior (Mathur & Guo, 2011). Increased zebrafish locomotor behavior has also been 

previously observed by both thermal and chemical activation of TRPA1 channels (Curtright et al., 

2015; Stevens et al., 2018). Fortunately, TRPA1 channels are relatively conserved across species 

ranging from planarians to humans (Arenas et al., 2017), and the peripheral and central nociceptive 

systems of zebrafish are similar to many vertebrates such as mice and humans (Gonzalez-Nunez 

et al., 2013; Marron Fdez de Velasco et al., 2009; Taylor et al., 2017). However, in slight contrast 

to humans and rodents, the zebrafish genome encodes two TRPA1 genes: trpa1a, and trpa1b 

(which will be called zTRPA1a and zTRPA1b in this study) (Prober et al., 2008). To establish 

TRPA1 agonist-induced zebrafish hyperlocomotor activity as a drug screening tool, it is important 

to characterize the pharmacology of TRPA1 agonists and antagonists between these two paralogs.  

 We hypothesize that hyperlocomotion induced by the activation of zebrafish TRPA1 can 

serve as a phenotypic screen for novel anti-nociceptive drug discovery. To address our hypothesis, 

we investigated if locomotor behavior of zebrafish larvae adheres to TRPA1 channel 

pharmacology. We measured calcium influx of TRPA1 channels in HEK293 cells transiently 

expressing mouse TRPA1, zebrafish TRPA1a, or zebrafish TRPA1b in response to TRPA1 ligands. 

The mouse TRPA1 pharmacology in HEK293 cells and nocifensive behavior in mice were also 

examined upon TPRA1 activation to support the face validity of the zebrafish model. Finally, we 

evaluated dose-dependent changes of nocifensive swimming behavior in zebrafish larvae 

following the exposure to TRPA1 ligands. 
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4.2 Materials and methods 

4.2.1 Animals 

Zebrafish (Danio rerio): Wild-type zebrafish of the AB line were utilized for all behavioral 

experiments. Adult and larval zebrafish were maintained on a 14hr/10hr light/dark cycle. They 

were maintained and bred using standard procedure <https://zfin.org/zf_info/zfbook/zfbk.html>. 

Larval zebrafish were reared until 5 days post-fertilization (dpf) in E3 media 

<https://zfin.org/zf_info/zfbook/chapt1/1.3.html> in an incubator at 28°C. E3 media was changed 

daily, and healthy embryos were kept for experiments.  

 

Mice (Mus musculus): We utilized WT C57BL/6 mice purchased from Envigo (Indianapolis, IN, 

USA). Total sixteen adult male mice (8-9 weeks, 22±2g) were housed in four ventilated Plexiglas 

cages (4 mice per cage). Four mice were tested in each group. It is noteworthy that some sex-

differences to painful stimuli have been found in mice (Kwan et al., 2006). However, since the 

primary focus of this manuscript relates to zebrafish, which does not reach sexual maturity until 

6-12 weeks post-fertilization (Parichy et al., 2009), we did not test female mice. Mice are 

maintained at temperature (21°C) in an animal housing facility accredited by the Association for 

Assessment and Accreditation of Laboratory Animal Care with a reversed 12-hour dark-light cycle 

(lights off at 1000, lights on at 2200). This study was carried out in accordance with the 

recommendations of the National Institutes of Health Guide for the Care and Use of Laboratory 

Animals. The protocol (#1201000592 by Y.F.L. for Zebrafish, and #1605001408 by R.M.vR for 

mice) was approved by the Purdue University Institutional Animal Care and Use Committee. 

4.2.2 Cell culture 

HEK293 cells (#CRL-1573, ATCC, VA, USA) were cultured in DMEM media (#11995-065, 

Sigma-Aldrich, MO, USA) with 10 % Fetal Bovine Serum (#F0926-500ML, Thermo Fisher, MA, 

USA). The cells were maintained in a 37°C incubator with consistent 5% CO2. They were seeded 

in a clear 6 well flat bottom cell culture plates (#07-200-83, Corning ®, Thermo Fisher) with 

500,000 cells/2 ml/well for transfection, in serum-free Opti-MEM (#31985070, Gibco®, Thermo 

Fisher). These cells were transfected with pcDNA3.1-mTRPA1 (#MR227099, OriGene, MD, 

USA), pcDNA3.1-zTRPA1a, or pcDNA3.1-zTRPA1b (a gift from Dr. David Prober) using X-

tremeGENETM 9 (#6365809001, Sigma-Aldrich). After 24 hours, the transfected cells were 
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dislodged with trypsin, resuspended in Opti-MEM, and seeded 25,000 cells/25 µl/well in 384-well 

black polystyrene microplates (#82051-296, VWR, PA, USA) for testing calcium signaling the 

following day. Experiments were carried out with the approval of the Institutional Biohazard 

Committee (#13-013-16). 

4.2.3 FLIPR calcium signaling assay 

Twenty-five µl calcium sensitive Fluorescent Imaging Plate Reader (FLIPR) Calcium 6 assay dye 

(#R8190, Molecular Devices, CA, USA) was added to each well of a 384-well plate containing 

HEK293 cells transiently expressing mTRPA1, zTRPA1a, and zTRPA1b, respectively. The cells 

were incubated for an hour prior to the recording of intracellular calcium levels in a FlexStation3 

Multi-Mode Microplate Reader (#R8190, Molecular Devices) as previously described (van Rijn 

et al., 2013). All compounds were diluted in calcium buffer made with 1x HBSS (#14025-092, 

Thermo Fisher), 20 mM HEPES (#15630-080, Thermo Fisher), and 2.5 mM Probenecid (#P8761, 

Sigma-Aldrich). For agonist studies, ASP7663 (#5178, Tocris, Bristol, UK) was diluted in 1 % 

DMSO-containing calcium buffer at desired concentrations and was added during the recording. 

The TRPA1 antagonists HC-030031 (#2896, Tocris), TCS-5861528 (#3938, Tocris), and A-

967079 (#4716, Tocris) were diluted in calcium buffer, and 5 µl of 10x solutions were added 10 

minutes prior to the recording. The same amount of DMSO (1%) was added to all control groups 

to maintain similar DMSO levels with the experimental groups. During the assay, the cells were 

challenged by a 5x ASP7663 solution or 1% DMSO solution at the 20 seconds time point, and 

both solutions were diluted in calcium buffer. Relative fluorescence units (RFU) were measured 

for 120 seconds period by the Flexstation. Area under the curve (AUC) was further evaluated from 

individual calcium influx data (Figures 4.1 and 4.2) to plot does-response curve of antagonists. 

For each specific antagonist concentration we plotted Log(dose ratio-1) against the antagonist 

concentration in a Schild plot. The dose ratio (A’/A) equals the EC50 of the agonist (ASP7665) in 

the presence of a concentration of the antagonist (A’) divided by the EC50 of the agonist in the 

absence of antagonist (A). The x-intercept of the Schild plot was used to identify the antagonist-

receptor affinity (pA2).
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Figure 4.1 Calcium influx to TRPA1 antagonists in HEK293 cells transiently expressing mTRPA1 

(a, f, k) Intracellular calcium levels of HEK293 cells transiently expressing mTRPA1 to ASP7663 with half-log dilutions. (b-e) 
ASP7663 dose-response calcium influx to HC-030031 with half-log dilutions. (g-j) ASP7663 dose-response calcium influx to 

TCS5861528 with half-log dilutions. (l-o) ASP7663 dose-response calcium influx to A967079 with half-log dilutions. The AUC of the 

RFU was further analyzed in Figure 4.3.
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Figure 4.2 Calcium influx to HC-030031 in HEK293 cells transiently expressing zTRPA1a and 
zTRPA1b 

(a, b) Intracellular calcium levels of HEK293 cells transiently expressing zTRPA1a and zTRPA1b 
respectively to ASP7663 with half-log dilutions. (b,c) ASP7663 dose-response calcium influx in 
zTRPA1a to HC-030031 with a full-log dilution. (e,f) ASP7663 dose-response calcium influx in 
zTRPA1b to HC-030031 with a full-log dilution. The AUC of the RFU was further analyzed in 
Figure 4.5.
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4.2.4 Von Frey Test 

Von Frey filaments (2.44 (0.04g) - 4.31 (2g)) and a grid platform (#58011 and #57816, Stoelting, 

WI, USA) were used to test mechanical hypersensitivity of mice. A modified up-and-down method 

was utilized as previously described (van Rijn et al., 2012). Immediately after measuring the 

baseline, the mice were injected with 100 mg/kg HC-030031 (p.o., diluted in 5 % DMSO, 0.5 % 

methylcellulose in saline), whereas the control group mice were injected with the appropriate 

vehicle solution (5 % DMSO, 0.5 % methylcellulose in saline). Thirty minutes after the first 

injection, mice were systemically administered 1 mg/kg ASP7663 (i.p., diluted in 1 % DMSO in 

saline), or vehicle (1 % DMSO in saline). Drug-induced mechanical hypersensitivity was 

measured 30 minutes after the second injection. Pre- and post-drug responses were represented as 

mean ± SEM. 

4.2.5 Zebrafish Locomotor Tracking Assay 

In the behavioral experiments, one 5 dpf zebrafish was placed in 250 μL of fish media per well of 

a 96-well plate (UNIPLATE Collection and Analysis Microplate, 96-Well 7701-1651). For each 

experimental condition, a group of 8 larvae (1 column) was used. Larvae were acclimated to the 

wells for 300 seconds after which an 8-channel pipette was used to simultaneously dispense 250 

μL of 2x concentration of the TRPA1 agonist ASP7663 in fish media into each well. Locomotor 

activity was subsequently tracked and quantified (as distance travelled) for 300 additional seconds 

utilizing the Zebrabox system from ViewPoint Behavior Technology (Civrieux, France). For 

TRPA1 antagonist testing, larvae in the 96-well plate were pretreated with 1x concentration of 

antagonist in 250 μL E3 media for 20 minutes. Then, 250 μL of 2x TRPA1 agonist was added 

directly to this solution, and the resulting behavior was recorded as described above. 

4.2.6 Statistics 

All data are presented as means ± standard error of the mean (SEM). For our in vitro statistical 

analysis, area under curve (AUC) of calcium relative fluorescence units (RFU) was measured to 

plot dose-response curves, which were further analyzed by nonlinear regression analysis. Mean 

RFU of the first 10 seconds was used as a baseline of the AUC. EC50 values of the dose-response 

curves were further used to plot Schild curves, and the curves were analyzed with linear regression 

analysis. For the mice von Frey test, mechanical thresholds were analyzed with two-way ANOVA 
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followed by a Bonferonni test for multiple comparison analysis. For the zebrafish behavior test, 

the data from the first five seconds following drug administration were excluded, as zebrafish 

displacement during that period was highly influenced by liquid dispensing. AUC of all curves 

were measured and analyzed by one-way ANOVA. The post-hoc analysis was conducted with the 

Tukey’s or Dunnett’s multiple comparisons unless it stated otherwise. A value of y=0 in the graph 

was used as a baseline of the AUC. For our time-course average displacement graph, we used 2nd 

degree polynomial smoothing for a better representation; however, we used data before smoothing 

for all statistical analysis and quantification. All in vitro and in vivo data were evaluated using 

GraphPad Prism 7 (GraphPad Software, La Jolla, CA) unless it stated otherwise. 

4.3 Results 

4.3.1 Two TRPA1 agonists have similar potency but different kinetics to mouse TRPA1 

To test previously known TRPA1 channel agonists, we analyzed dose-response curves of 

ASP7663 and AITC in mouse TRPA1 (mTRPA1)-transfected HEK293 cells. The potency of the 

two agonists were measured based on AUC of individual calcium accumulation in Figure 4.3 b 

and c. Based on the dose-response curve analysis, AITC and ASP7663 displayed similar potency 

at mTRPA1 (Figure 4.3 a, ASP7663: pEC50 = 5.16 ± 0.16, 6.8 µM, n=8; AITC: pEC50=5.24 ± 0.3, 

5.8 µM, n=5; unpaired t-test p=0.8106). The recorded potency for ASP7663 is ~10-fold weaker 

than previously reported in a similar FLIPR-based calcium assay (Kojima et al., 2014). 

Interestingly, we noticed that at 316 µM ASP7663 produced a more persistent calcium influx 

compared to AITC up to 120 seconds (Dark blue line, Figure 4.3 b and c). The calcium influx 

around 40-50 seconds was particularly decreased upon application of AITC in mTRPA1 (Figure 

4.3 c). Furthermore, we have also found that ASP7663 could elicit calcium responses in non-

transfected HEK293 cells with ASP7663. The potency for this unknown off-target effect was 

pEC50 = 4.27 ± 0.03 (54.1 µM n=3), and thus a log unit lower than the TRPA1 response (Figure 

4.4). The off-target calcium response also appeared to have slower kinetics similar to AITC 

(Compare Figure 4.3 c with Figure 4.4 b). 
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Figure 4.3 Potency of TRPA1 agonists (ASP7663 and AITC) in mTRPA1-transfected HEK293 
cells. 

(a) Dose-response curve of ASP7663 and AITC in mTRPA1-transfected HEK293 cells. (b,c) RFU 
of ASP7663 and AITC was measured to plot the dose response calcium influx in (a).
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Figure 4.4 Potential off-target effect of ASP7663 in non-transfected HEK293 cells 
(a) Dose-response curve of ASP7663 in non-transfected HEK293 cells (ASP7663: pEC50 = 4.57 
± 0.29, n=3). RFU of ASP7663 dose response calcium influx in non-transfected HEK293 (b). (a) 
was measured by AUC of the RFU.
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4.3.2 TRPA1 antagonists inhibit ASP7663-induced calcium influx to mTRPA1 

The majority of TRPA1 studies use AITC to activate TRPA1 channels. However, given the unique 

kinetics observed in Figure 4.3 c and its potential ability to activate other TRP channels (Gees et 

al., 2013; Janssens et al., 2016), we decided to use the TRPA1 agonists ASP7663, which is 

supposedly more selective (Kojima et al., 2014). First, we chose to assess the ability of the TRPA1 

agonist ASP7663 and the TRPA1 antagonists HC-030031, TCS-5861528, and A-967076 to induce 

or prevent calcium mobilization, respectively. HEK293 cells transiently expressing mTRPA1 

channels were exposed to the TRPA1 agonist ASP7663 and intracellular calcium levels were 

fluorescently measured using the FLIPR-based calcium assay. The TRPA1 antagonists, HC-

030031 and TCS-5861528, which are structurally very similar, shifted the ASP7663 dose-response 

curve towards the right in a dose-dependent manner (Figure 4.5 a and b). The pA2 of HC-030031 

was 5.65 ± 0.2 (2.2 µM, n=4, Figure 4.5 d), and the pA2 of TCS-5861528 was 5.34 ± 0.2 (4.6 µM, 

n=4, Figure 4.5 e), indicating similar antagonist-channel affinities. A-967076 also shifted the 

ASP7663 dose-response curve towards the right (Figure 4.5 c), and the pA2 of A-967076 was 7.0 

± 0.3 (0.09 µM, n=3, Figure 4.5 f). We found that HC-030031 and TCS-5861528 exhibit lower 

antagonist-channel affinities than A-967076 (One-way ANOVA, F2,10=12.52, p=0.0019, HC-

030031 vs. A-967076 p=0.0094, TCS-5861528 vs. A-967076 p=0.0024 with Tukey’s multiple 

comparison). Individual calcium traces for ASP7663 in the presence of the antagonists are 

presented in Figure 4.1. We did not observe any calcium influx with HC-030031 in non-

transfected HEK293 cells (Figure 4.6 a and b) or an off-target effect in mTPRA1-transfected 

HEK293 cells (Figure 4.6 c and d). These results validate the use of ASP7663 to activate 

mTRPA1 to induce a calcium response and confirm the affinity of the TRPA1 antagonists for 

mTPRA1.
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Figure 4.5 TRPA1 antagonists dose-dependently attenuate ASP7663-mediated TRPA1 calcium 

influx in mTRPA1-transfected HEK293 cells 
(a–c) Representative dose-response curve of TRPA1 agonist ASP7663 in the absence or presence 
of three TRPA1 antagonists, HC-030031, TCS-5861528, and A-907076. Note the shift in the dose 
response curve of ASP7663 towards the right with increasing concentration of the antagonist. (d–
f) Schild plot for the three TRPA1 antagonists HC-030031, TCS-5861528, and A-967076. 
Representative curves are shown. 
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Figure 4.6 Calcium influx to HC-030031 in non-transfected or mTRPA1 transfected HEK293 cells 
Dose response intracellular calcium levels of HC030031 in non-transfected HEK293 cells (a) and 
mTRPA1-transfected HEK293 cells (c). RFU of HC030031 dose response calcium influx in non-
transfected HEK293 (b, d). (a, c) were measured by AUC of the RFU. (mTRPA1: pIC50 = 5.77 ± 
0.21, n=4).
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4.3.3 HC-030031 blocked ASP7663-induced mechanical hypersensitivity in mice 

Having confirmed that the TRPA1 compounds are functional in vitro, we next determined whether 

TRPA1 activation using ASP7663 would result in a painful response and whether this effect would 

be blocked by a TRPA1 antagonist in C57BL/6 mice. Intraperitoneal administration of a 

previously determined effective dose of ASP7663 (1 mg/kg) significantly decreased mechanical 

thresholds of von Frey filaments as evaluated by two-way ANOVA, (Figure 4.7, Effect of pre-

drug x post-drug: F1,18=1.522, p=0.2332; Group effects: F2,18=4.426, p=0.0273). Bonferroni’s 

multiple comparison further indicated statistical significance between pre- and post-drug 

mechanical thresholds in the mice administered with ASP7663 (p=0.0034), suggesting that 

ASP7663 administration increased mechanical sensation and nocifensive behavior. Based on a 

previous study (Kojima et al., 2014), we used an oral administered dose of HC-030031 (100 mg/kg) 

to block the ASP7663-mediated mechanical hypersensitivity (p>0.99). Bonferroni’s multiple 

comparison did not show a statistical significance between pre- and post-drug mechanical 

thresholds in the mice administered vehicle (p=0.8692 after unpaired t-test, Figure 4.8) or HC-

030031 (p=0.97 after Bonferroni multiple comparison, Figure 4.7).
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Figure 4.7 HC-030031 blocked ASP7663-induced mechanical hypersensitivity in C57BL/6 mice 
Mechanical sensitivity was measured in C57BL/6 mice pre- and post-drug administration (n = 4 
per treatment) in response to von Frey filament stimulation. Systemic administration of HC-
030031 (100 mg/kg, p.o.) blocked mechanical hypersensitivity induced by ASP7663 (1 mg/kg, 
i.p.). (Two-way ANOVA, Effect of pre-drug x post-drug: F1,18 = 1.522, p = 0.2332; Group 
effects: F2,18 = 4.426, p = 0.0273; After Bonferroni’s multiple comparison, Pre-ASP7663 vs. 
Post-ASP7663: *p = 0.0034). 
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Figure 4.8 Mechanical hypersensitivity was not changed by saline injection in C57BL/6 mice 
Mechanical sensitivity was measured in C57BL/6 mice pre- and post-saline administration (n=4 
per treatment) in response to von Frey filament stimulation. (Unpaired t-test, p=0.8692).
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4.3.4 ASP7663 and AITC have similar potency to two zebrafish TRPA1 paralogs but lower 
potency than mTRPA1 

We also analyzed dose-response curves of ASP7663 and AITC in zebrafish TRPA1a (zTRPA1a), 

or zebrafish TRPA1b (zTRPA1b)-transfected HEK293 cells. Dose-response curve of the two 

agonists (Figure 4.9 a and d) was plotted based on the area under the curve (AUC) of individual 

calcium accumulation in Figure 4.9 b, c, e and f. In line with our previous observation in mTRPA1, 

ASP7663 and AITC displayed similar potency to zTRPA1a (Figure 4.9 a, ASP7663: pEC50= 3.9 

± 0.18, 118 µM, n=7; AITC: EC50=4.6 ± 0.4, 26.6 µM, n=4; unpaired t test p=0.1333) and 

zTRPA1b (Figure 4.9 d, ASP7663: EC50= 4.0 ± 0.15, 99 µM, n=7; AITC: EC50=4.5 ± 0.5, 35.4 

µM, n=4; unpaired t test p=0.2855). Similar slow kinetics with mTRPA1 to 316 µM AITC was 

observed especially in zTRPA1b (Figure 4.9 f). Overall, the ASP7663 potency at zTPRA1 

paralogs was significantly lower than at mTRPA1 (One-way ANOVA, F2,19=18.72, p<0.0001, 

mTRPA1 vs. zTRPA1a p<0.0001, mTRPA1 vs. zTRPA1b p=0.0002) but no statistical 

significance to AITC was observed (One-way ANOVA, F2,10=1.226, p=0.3341, mTRPA1 vs. 

zTRPA1a p=0.4770, mTRPA1 vs. zTRPA1b p=0.3625). However, we did not find any significant 

potency difference for the TRPA1 agonists between zTRPA1 paralogs (ASP7663: zTRPA1a vs. 

zTRPA1b p=0.9466, AITC: zTRPA1a vs. zTRPA1b p=0.9749).
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Figure 4.9 Potency of ASP7663 and AITC in HEK293 cells transfected with zTRPA1a or 
zTRPA1b. 

Dose-response curve of ASP7663 and AITC in zTRPA1a-transfected (a), and zTRPA1b-
transfected (d) HEK293 cells. The dose response calcium influx in zTRPA1a-transfected (b,c), 
and zTRPA1b-transfected (e,f) HEK293 cells was measured by RFU of ASP7663 and AITC
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4.3.5 HC-030031 inhibited ASP7663-induced calcium influx of zebrafish TRPA1a and TRPA1b 
in a dose-dependent manner 

After establishing that ASP7663 is a pain-inducing agonist whose effects can be blocked by the 

TRPA1 antagonist HC-030031, our next step was to pharmacologically characterize these two 

compounds at the two zebrafish TRPA1 paralogs in transfected HEK 293 cells as we had done for 

the mTRPA1. Despite the presence of an off-target effect for ASP7663 in non-transfected HEK293 

cells (Figure 4.4), HC-030031 was able to inhibit ASP7663-mediated calcium influx in HEK293 

cells transfected with zTRPA1a (pA2=4.6 ± 0.2, 26.8 µM, n=3, Figure 4.10 a and c) or with 

zTRPA1b (pA2=4.6 ± 0.3, 27.1 µM, n=3, Figure 4.10 b and d, individual calcium traces of the 

dose-response curves are presented in Figure 4.2). As for the zTRPA1, we noticed that 316 µM 

HC-030031 could produce an influx of intracellular calcium (Figure 4.11) in transfected, but not 

un-transfected cells. Our results suggest that the potency of ASP7663 and efficacy of HC030031 

are similar between two zTRPA1 paralogs and that at high concentrations HC-030031 may activate 

TRPA1.
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Figure 4.10 HC-030031 dose-dependently attenuates ASP7663 activation of zTRPA1a and 
zTRPA1b in transfected HEK293 cells. 

(a, b) Dose-response curve of TRPA1 agonist ASP7663 in the absence or presence of HC-030031. 
Note the shift in the dose-response curve of ASP7663 towards the right with increasing 
concentration of the antagonist. (c,d) Schild plot for the HC-030031 at zTRPA1a and zTRPA1b. 
Representative curves are shown.
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Figure 4.11 HC030031 works as weak agonist at high concentration. 
(a) Dose-response curve of HC030031 in zTRPA1a-transfected (Blue), and zTRPA1b-transfected 
(Green) HEK293 cells (zTRPA1a: pEC50 = 4.9 ± 0.6, n=3; zTRPA1b: Non-determinant, n=3). 
Relative Fluorescent Unit (RFU) of HC030031 dose response calcium influx in zTRPA1a-
transfected (b), and zTRPA1b-transfected (c) HEK293 cells. (a) was measured by area under the 
curve (AUC) of the RFU.
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4.3.6 TRPA1 agonist-induced nociceptive-like swimming behavior in 5 days post-fertilization 
(dpf) zebrafish larvae 

With the acquired knowledge that ASP7663 and HC-030031 pharmacology show little differences 

between the zTRPA1 paralogs, we next determined whether we could elicit a TRPA1-mediated 

behavioral response in zebrafish larvae using TRPA1 agonists. We selected 5 dpf zebrafish larvae 

as they display a repertoire of locomotor behaviors and are easily detected by motion tracking 

software (Ganzen et al., 2017; Kalueff et al., 2013). Additionally, at this age zebrafish will express 

both TRPA1 paralogs, as previous studies by Prober et al. showed that during development 

zebrafish expressed TRPA1a as early as 72 hours post-fertilization (hpf) and TRPA1b as early as 

30 hpf (Prober et al., 2008). Larvae were exposed to two TRPA1 agonists, AITC (100 μM) and 

ASP7663 (100 μM), and the swimming behavior was tracked. Increased locomotor activity in 

zebrafish larva in response to TRPA1 agonists including AITC (mustard oil), acrolein and 4-

hydroxynonenal may be interpreted as a nocifensive-like escape behavior in response to a noxious 

stimulus (Prober et al., 2008). AITC elicited an acute and rapid swimming behavior immediately 

upon treatment (Figure 4.12 a and b; One-way ANOVA, F2, 5 = 491 p<0.0001; E3 vs. ASP7663 

p<0.0001; E3 vs. AITC p<0.01; ASP7663 vs. AITC p<0.0001 with Tukey’s multiple comparison). 

In contrast to AITC, ASP7663 induced a slower and more sustained swimming behavior. To 

determine the dose-dependency of the ASP7663 behavior, larvae were exposed to three additional 

half-log dilutions of ASP7663 and AUC was analyzed based on the displacement (locomotion) 

graph (Figure 4.12 c and d; One-way ANOVA, F4, 10 = 697, p<0.0001, E3 vs. 3.16 μM p<0.0001, 

E3 vs. 10 μM p<0.0001, E3 vs. 31.6 μM p=0.429, E3 vs. 100 μM p<0.0001, 3.16 μM vs. 10 μM 

p<0.05, 3.16 μM vs. 31.6 μM p<0.0001, 3.16 μM vs. 100 μM p<0.0001, 10 μM vs. 31.6 μM 

p<0.0001, 10 μM vs. 100 μM p<0.0001, 31.6 μM vs. 100 μM p<0.0001 with Tukey’s multiple 

comparison). Surprisingly, we observed what appears to be a dose dependent depression of 

locomotor activity at low ASP7663, which reverses to hyperlocomotor activity around 10 μM to 

31.6 μM.
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Figure 4.12 Increased locomotor response of zebrafish larvae to TRPA1 agonists. 
(a) Displacement graph of average zebrafish locomotion in response to 100 μM ASP7663, 100 
μM AITC or E3 media. Zebrafish larvae at 5dpf are exposed to the TRPA1 agonist at 0 sec. Solid 
line indicates average distance travelled of 3 biological replicates (n = 8 larvae for each replicate, 
(a)). Area under the curve was further analyzed in (b). (c) Displacement graph of average zebrafish 
locomotion in response to four series half-log dilutions of TRPA1 agonist ASP7663 and E3 media. 
Zebrafish larvae at 5 dpf are exposed to the TRPA1 agonist at 0 sec. Solid line indicates average 
distance travelled of 3 biological replicates (n = 8 larvae for each replicate). (d) Area under the 
curve was further quantified from graph (c). ((b) One-way ANOVA, F2, 5 = 491 p<0.0001; E3 vs. 
ASP7663 ****p<0.0001; E3 vs. AITC **p<0.01; ASP7663 vs. AITC ##p<0.01 after Tukey’s 
multiple comparison). ((d) One-way ANOVA, F2, 6 = 385.1, p<0.0001; E3 vs. 10 μM: 
****p<0.0001; E3 vs. 3.16 μM: ****p<0.0001; E3 vs. 100 μM: ****p<0.0001; 3.16 μM vs. 10 
μM: #p<0.05; 3.16 μM vs. 31.6 μM: ####p<0.0001; 3.16 μM vs. 100 μM: ####p<0.0001 after 
Tukey’s post-hoc comparison). Data produced by Logan Ganzen and Emre Koskun. 
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4.3.7 TRPA1 antagonist pretreatment prevented TRPA1-mediated nocifensive-like locomotor 
behavior in zebrafish 

We next assessed if a TRPA1 antagonist could block the ASP7663-induced nocifensive-like 

behavior in the zebrafish model. Pre-incubation with HC-30031 (10 μM) significantly (ASP7663 

vs. ASP+HC, p<0.0001) inhibited the nocifensive locomotor behavior mediated by ASP7663 (100 

μM) administration (Figure 4.13 a and b; One-way ANOVA, F3, 8 = 214.3, p<0.0001, E3 vs. ASP 

p<0.0001, E3 vs. ASP+HC p<0.01, E3 vs. HC p<0.0001, ASP vs. ASP+HC p<0.0001, ASP vs. 

HC p<0.000, ASP+HC vs. HC p=0.0012 after Sidak’s multiple comparison). Position tracking of 

the locomotor behavior of a single representative larva 5 minutes after experimental treatment is 

further illustrated in Figure 4.13 c. In the traces, black lines indicate a swimming velocity below 

0.6 cm/sec, green lines indicate a swimming velocity between 0.6cm/sec and 1.0cm/sec, and red 

lines indicate a swimming velocity exceeding 1.0 cm/sec. To control for any behavior the 

antagonists may cause in the zebrafish larvae, we tested zebrafish behavior upon exposure to 10 

μM HC-030031 alone. This exposure increased swimming behavior over baseline (E3 vs. HC-

030031 p<0.0001). Even though this single treatment of HC-030031 enhanced the swimming 

behavior, its pre-treatment inhibited TRPA1-induced nocifensive swimming behavior.
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Figure 4.13 Locomotor response of zebrafish larvae to ASP7663 in presence or absence of HC-
030031. 

(a) To determine if TRPA1 antagonists can block ASP7663-mediated channel stimulation, 
zebrafish were pre-treated with antagonists 10 µM HC-030031 for 20 minutes before challenged 
with ASP7663. HC-030031 application was able to block ASP7663-mediated locomotor behavior. 
Solid line indicates average distance travelled of 3 biological replicates (n = 8 larvae for each 
replicate). (b) Area under the curve was further quantified from graph (a). (c) Representative 
displacement graph of (a,b). In the traces, black lines indicate a swimming velocity below 
0.6 cm/sec, green lines indicate a swimming velocity between 0.6 cm/sec and 1.0 cm/sec, and red 
lines indicate a swimming velocity exceeding 1.0 cm/sec. ((b) One-way ANOVA, F3, 8 = 214.3, 
p < 0.0001; E3 vs. ASP: ****p < 0.0001; E3 vs. ASP + HC: ** p < 0.01; E3 vs. HC: 
****p < 0.0001; ASP vs. ASP + HC: ####p < 0.0001; ASP vs. HC ####p < 0.000; ASP + HC vs. 
HC &&p = 0.0012 after Sidak’s multiple comparison). Data produced by Logan Ganzen and Emre 
Koskun. 
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4.4 Discussion 

Although TRPA1 channels are being considered as a novel target for the development of new 

chronic pain treatments (Moran et al., 2011), there currently are no U.S. Food and Drug 

Administration approved TRPA1 ligands. Therefore, it is imperative to better characterize TRPA1 

pharmacology across different animal species to facilitate drug development and translation of 

anti-nociceptive TRPA1 drugs for clinical use. Preclinical rodent models are one of the most 

popular vertebrate models used in drug discovery. One of the biggest hurdles in drug development 

is showing in vivo efficacy. Generally, rodents are used for in vivo validation once a lead compound 

has been generated. Unsurprisingly, much of the physiological and behavioral effects of TRPA1 

channels thus far have been established in rodents (Gerlai, 2010; Petrus et al., 2007). Only the 

best-hit compounds identified in cellular screening assays are moved forward for in vivo validation 

because it would be prohibitive to utilize rodent models to phenotypically screen hundreds of novel 

anti-nociceptive hits due to the time and cost required for rodent studies. The ability to screen 

drugs in a 96-well plate format using zebrafish larvae highlights the strength of zebrafish as an 

alternative in vivo model for drug discovery. Utilizing zebrafish models has various benefits in the 

field of drug discovery by providing large phenotype-based screening with its rapid embryonic 

development (Zon & Peterson, 2005). Various behavioral assays of zebrafish have been 

established for novel drug developments, including for retinal degeneration for example (Ganzen 

et al., 2017). Zebrafish can also be used to investigate nociceptive-like phenotypes (S. Chen et al., 

2016; Taylor et al., 2017) as well as analgesic effects of drugs (Curtright et al., 2015). A study by 

Prober et al. showed that TRPA1-mediated locomotion can be utilized as distinct characteristic for 

the nocifensive behavior in zebrafish (Prober et al., 2008). In this study, we presented a detailed 

in vitro and in vivo pharmacological characterization of mouse and zebrafish TRPA1 using 

selective agonists and antagonists. Specifically, we demonstrated that activation of TRPA1 

increased locomotor behavior of zebrafish in a dose-dependent manner, which was blocked by the 

TRPA1 antagonist/partial agonist HC-030031. This finding was in line with the ability of HC-

030031 to inhibit ASP7663-mediated mechanical sensitivity in mice.  

In comparison to mouse TRPA1, zebrafish has two TRPA1 paralogs due to genome 

duplication, which may have distinct pharmacology and anatomy. Although one study has reported 

that the zTRAP1a has higher sensitivity to chemical irritant such as AITC than zTRPA1b (Oda et 
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al., 2016), our study strongly indicates that the zTRPA1 paralogs acted similarly in vitro, as we 

observed similar potencies for ASP7663 and affinities for HC-030031 at both zTRPA1 paralogs. 

However, in vivo, zTRPA1a expression is limited to the posterior vagal sensory ganglia while 

zTRPA1b is expressed in all cranial ganglia (Prober et al., 2008), which may preclude exogenous 

agonists from reaching zTRPA1a. Additionally, knockout studies of zTRPA1b reveal loss of 

sensitivity to the agonist AITC (Esancy et al., 2018; Prober et al., 2008), indicating that zTRPA1b 

is solely responsible for the locomotor behavior.  

For the zTRPA1 paralogs, we particularly found that maximal response of ASP7663 was 

reduced in response to increasing doses of HC-030031 (Figure 4.10) while also shifting the EC50 

values of ASP7663. This finding suggests that HC-030031 may interact with the zTRPA1 paralogs 

as a competitive or negative allosteric modulator. The Schild slopes for HC-030031 at the zTRPA1 

paralogs were lower than 1 (zTRPA1a: 0.84 ± 0.22, n=3, zTRPA1b: 0.83 ± 0.05, n=2), which is a 

textbook definition of competitive interaction (Colquhoun, 2007). The limitation of the low 

potency of ASP7663 at the zTRPA1 paralogs is exemplified by our ability to test only two doses 

of HC-030031 to draw the Schild plot, where it is recommended to test five different antagonist 

concentrations. Having only two concentration data points limits our ability to definitively 

calculate pA2 values for the antagonist and determine the slope. This is in line with a potential 

limitation of using ASP7663 in zebrafish given that the potency of ASP7663 and affinity for HC-

030031 was lower at the zTRPA1 paralogs in comparison to mTRPA1. Discovery or development 

of a stronger TRPA1-selective agonist, such as crotalphine (Bressan et al., 2016), could be 

beneficial in replacing ASP7663 for future screening efforts with a larger range of detection and 

will help provide better quality pA2 calculation.  

We further suggest that the observed hyperlocomotion in zebrafish is TRPA1-mediated. 

First, TRPA1-mediated hyperlocomotion has been previously reported by others (Prober et al., 

2008; Stevens et al., 2018). Second, both AITC, although briefly, and ASP7663 produce 

hyperlocomotion, and both agonists increase calcium signaling in vitro via TRPA1. Third, 

ASP7663-induced hyperlocomotion was attenuated by administration of HC-030031. Fourth, HC-

030031 increases calcium release in HEK293 cells at a high concentration, and a high dose of HC-

030031 in vivo produces significant hyperlocomotion albeit weaker than ASP7663 (Figure 4.13 

b). An unexpected observation, however, was that at low doses (3.16 and 10 μM) ASP7663 

induced hypolocomotion in zebrafish (Figure 4.12 c and d), but hyperlocomotor activity at higher 
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concentration (31.6 and 100 μM). We currently do not have an explanation for the hypolocomotion, 

but this may be a potent off-target effect in zebrafish (Figure 4.4) that is masked by 

hyperlocomotion once TRPA1 is activated. Furthermore, our observation that the TRPA1 

antagonist HC-030031 may have some partial agonistic effects is novel. 

The nocifensive behavior in zebrafish was initially demonstrated using mustard oil (Eilers 

et al., 2010), which contains the TRPA1 agonist AITC. AITC has been shown to also activate 

TRPM8 (Janssens et al., 2016) and TRPV1 (Gees et al., 2013), and thus it would be suboptimal to 

use this agonist to screen for TRPA1-selective antagonists. However, given the fact that zebrafish 

lack TRPM8 channels (S. Chen et al., 2016), selectivity may be less of a concern in this species. 

A different concern is that AITC activation of TRPA1 channel has been shown to lead to rapid 

TRPA1 desensitization and internalization (Akopian et al., 2007; Kistner et al., 2016; Raisinghani 

et al., 2011), a feature we observe also in the calcium assay for this agonist (Figure 4.9 f, see 

particularly at 316 µM) and in zebrafish (see Figure 4.12 a at 100 seconds AITC). In our hands, 

AITC has similar potency with the TRPA1-selective agonist ASP7663, but we found no indication 

of rapid desensitization for ASP7663. The lack of rapid desensitization by ASP7663 was a reason 

for us to choose this agonist to investigate the pharmacological profiles of mouse and zebrafish 

TRPA1 channels in both in vivo model systems. The in vitro desensitization profile of AITC may 

correlate with its in vivo profile, where a short initial bout of AITC-induced hyperlocomotion is 

followed by a rapid decline in locomotor activity. In contrast, application of ASP7663 in zebrafish 

larvae showed more prolonged agonist-mediated locomotor behavior than AITC (Figure 4.10 a 

and b). At the high concentration of HC-030031 at which we observe calcium influx, the kinetic 

profile resembles that of ASP7663 and similarly HC-030031 produces a moderate but persistent 

increase in locomotor activity, suggesting that HC-030031 does not rapidly desensitize zTRPA1.  

The TRPA1 agonist ASP7663 also produced mechanical hypersensitivity in mice (Figure 

4.7), a widely used nociception model, and was blocked by the TRPA1 antagonist HC-030031. 

This finding mimics our observations using the same agonist and antagonist in zebrafish locomotor 

behavior (Figures 4.12 and 4.13). A study by Stevens et al. previously found that HC-030031 was 

able to inhibit locomotor responses in zebrafish larvae induced by the TRPA1 agonist acrolein 

(Stevens et al., 2018) and further support the face validity of the zebrafish model.  

In addition to the finding that ASP7663-induced nocifensive-like behavior, we found 

similarities in ASP7663-mediated calcium influx from both zebrafish and mouse TRPA1 channels. 
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In mTRPA1, ASP7663 dose-dependently induced calcium signaling, and TRPA1 antagonists 

attenuated this influx. Of the three antagonists, HC-030031 and TCS-5861528 had lower 

antagonist-channel affinities compared to A-967076 (Figure 4.5). This is in agreement with 

published characterization of A-967076 interaction with rat TRPA1 in which the antagonist has an 

IC50 of 0.289 µM, and A-967076 was found to be about 25-fold stronger than HC-030031 (Chen 

et al., 2011).  

We also noted some off-target effects in our HEK293 cells; specifically, ASP7663 showed 

calcium influx at high concentration (316 µM) in non-transfected HEK293 cells. It is possible that 

the agonist may interact with endogenous calcium channels in HEK293 cells (Bugaj et al., 2005). 

Nonetheless, it is important to note that the potency of ASP7663 was much lower in non-

transfected HEK293 compared with HEK293 transfected with mTRPA1 and we were able to block 

the intracellular calcium release using TRPA1 antagonists for both the mTRPA1 and the zTRPA1 

paralogs. The existence of an off-target effect, however, may explain why we did not obtain a 

perfect slope for the Schild plots for the TRPA1 antagonists.  

Overall, our critical analysis of currently commercialized TRPA1 agonists and antagonists 

in mouse TRPA1 and the two zebrafish TRPA1 paralogs have found similarities in line with 

previous published observations particularly in agonist-mediated hyperalgesia in mice and 

hyperlocomotion in zebrafish. However, our study revealed several novel findings. First, the 

kinetics of calcium release and zebrafish hyperlocomotion were not identical between TRPA1 

agonists. Second, both HEK293 cells and zebrafish may exhibit non-TRPA1 targets that respond 

to the TRPA1 agonist ASP7663. Third, the TRPA1 antagonist HC-030031 may activate TRPA1 

in vitro and in vivo at high enough concentrations. Finally, the potency of TPRA1 agonists and 

antagonists appears to be stronger for mTRPA1 than the zTRPA1 paralogs. Taken together, we 

propose that TRPA1-mediated hyperlocomotion in zebrafish has the potential to be a useful 

phenotypic assay to for TRPA1 drug screening and discovery. As for all compound screening, 

secondary assays will still be required to assess channel-ligand pharmacology including receptor 

desensitization, potential off-target effects of a ligand, and an ability of a ligand to serve as an 

antagonist, partial agonist, or a full agonist.
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CHAPTER 5. DISCUSSION 

5.1 Cellular mechanisms of G protein signaling in synaptic transmission  

Chapter 2 of the present thesis clearly suggests that δORs are capable of modulating emotional 

behaviors through their unique signaling pathways. My data suggests that this modulation is 

mediated by β-arrestin 2 for anxiety, and potentially by β-arrestin 1 for fear (Figure 2.9). This β-

arrestin signaling is believed to be rather slow modulation (Shenoy et al., 2006), yet behavioral 

effects observed in Chapter 2 appeared to be engaged within 30 minutes of post-systemic 

administration of drugs. Then how is the behavior mediated by β-arrestin signaling? A potential 

mechanism by which β-arrestin mediates behaviors may be linked to β-arrestin-mediated ion 

channel modulation instead of solely through β-arrestin-scaffolded intracellular signaling 

pathways. In the discussion, I will expand on potential ways in which δOR signaling may modify 

ion channels, what is known about GPCR-mediated modulation of ion channels via G protein or 

β-arrestin, and finally preliminary data I have generated suggesting δORs-TRPA1 crosstalk 

(Figure 5.1), which does not relate to anxiety, but highlights potential mechanisms of δOR biased 

signaling and neuronal activity.  

All three (μ, δ, κ) opioid receptors can interact with ion channels through their heterotrimetic 

G protein (see Chapter 1.2.1). Earlier hints of this came from observations on modulation of 

postsynaptic currents and intrinsic membrane conductance by opioid peptide (Grudt & Williams, 

1995; Thompson et al., 1993). Specifically, those studies observed that activation of μORs 

modulates inhibitory postsynaptic current as well as potassium conductance of neurons 

respectively in the hippocampus and the spinal cord where μORs are heavily expressed (Grudt & 

Williams, 1995; Thompson et al., 1993). Many years later, it was shown that the change in 

potassium conductance was accomplished by the Gβγ-mediated activation of GIRKs following 

MOR stimulation (Ikeda et al., 2003). 

Modulation of GIRK or Cav channels are relatively well-established mechanisms by which 

opioid receptors alter neuronal excitation. Yet, an alternative mechanism by which opioid 

receptors modulate neuronal excitation is to induce long-term potentiation (LTP) and long-term 

depression (LTD), a type of synaptic plasticity. Commonly, LTP is first produced by increased 

activation of postsynaptic N-methyl-D-aspartate (NMDA) receptors. Subsequent calcium influx 



 
 

133 
 

through NMDAR further results in activation of Ca2+/calmodulin-dependent protein kinase II 

(CaMKII). Activated CaMKII initiates downstream signaling cascades that ultimately increase 

AMPA receptor synthesis and synaptic AMPA receptor expression (Herring & Nicoll, 2016). On 

the other hand, LTD is a reversal of LTD in that reduced activation of postsynaptic NMDA 

receptors triggers CaMKII phosphatase, calcineurin, and protein phosphatase 1, resulting in 

decreases in AMPA protein synthesis (Luscher & Malenka, 2012). Opioid receptors including 

μORs and δORs have been shown to induce LTP/LTD and alter synaptic plasticity (Bramham & 

Sarvey, 1996). This is well-exemplified by a study that demonstrated high frequency-induced LTP 

in the hippocampal pathways was inhibited by a μOR antagonist CTAP, and δOR antagonists 

BNTX and naltrindole (Bramham & Sarvey, 1996). Activation of δORs has been also involved in 

modulation of synaptic plasticity in the striatum (Jiang & North, 1992). Similar to the GIRK and 

Cav, these instances have been linked to Gi signaling, decrease in cAMP by Gi protein is thought 

to alter the phosphorylation status of glutamatergic receptors, GABA receptors, and Cav, and 

ultimately leading to changes in synaptic plasticity (Francois & Scherrer, 2018).  

In the perspective of synaptic transmission, δORs have been shown to actively engage in 

vesicle release that can further affect synaptic plasticity. Bao et al. demonstrated that activation of 

δORs triggers Ca2+ release from IP3-sensitive intracellular storages, which ultimately result in 

excitatory neuropeptide release in dorsal root ganglion neurons (Bao et al., 2003). Other GPCRs 

have been implicated in modulation of synaptic transmission, and thus to what degree this extends 

to other GPCRs would be worth investigating. In other Gi-coupled receptors, it has been suggested 

that Gβγ can interact with synaptotagmin, a part of the presynaptic Soluble N-Ethylmaleimide-

Sensitive Factor Attachment Protein Receptor (SNARE) complex and modulate vesicle release in 

the presynaptic terminals (Yoon et al., 2007). Yet, it is unclear if δORs are also adopting this 

mechanism of action, and further studies are required in order to understand underlying 

mechanisms by which δORs modulate synaptic transmission. More importantly, it would be 

crucial to investigate to what degree β-arrestin may contribute to modulation of ion channel 

activity and synaptic plasticity and I will discuss this in the following section. 

5.2 Cellular mechanisms of β-arrestin signaling in synaptic transmission 

The previous section provided examples of G protein-mediated modulation of synaptic 

transmission in the brain. In fact, GPCRs-mediated synaptic transmission is not restricted to G 
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protein complex, and accumulating evidence also suggests that β-arrestin signaling is involved in 

the modulation of synaptic transmission (Beaulieu et al., 2005). Studies presented in Chapter 2 

clearly demonstrated therapeutic potentials of β-arrestin signaling in emotional behaviors. 

However, does β-arrestin signaling also mediate synaptic transmission for behavioral modulation 

as does G protein-mediated signaling? To answer this question on β-arrestin signaling in synaptic 

transmission, I will provide examples of how β-arrestin signaling modulate synaptic transmission 

in various GPCRs that are implicated in neurological disorders. Unfortunately, only few studies 

have investigated β-arrestin-mediated synaptic transmission at opioid receptors, and thus the 

present section will discuss various GPCRs that have shown β-arrestin-mediated synaptic 

transmission in the brain.  

GPCRs, in particular, also have a profound role in the modulation of the LTPs in the brain 

(Betke et al., 2012), which leads to an open question if β-arrestin plays a role in the modulation of 

LTP. For the past decade, a series of studies have reported new roles of β-arrestin in NMDA 

receptor function at synaptic levels (G. Chen et al., 2016; Pontrello et al., 2012). NMDA receptors 

are located at excitatory glutamate synapses and involved in activity-dependent synaptic plasticity 

in the postsynaptic terminals. Although activation of NMDA receptor does not necessarily lead to 

LTP, NMDA receptors play a profound role in the induction of LTP (Malenka & Nicoll, 1993). A 

late phase of LTP involves gene transcription and new protein synthesis, and this process 

contributes to long-lasting memory formation (Malenka & Nicoll, 1999). One example is fear 

memories; the process of fear learning including acquisition and even extinction requires LTP in 

the amygdala as well as in the hippocampus (Johansen et al., 2011). Given the importance of 

NMDA receptors in LTP, it is worth exploring to what degree β-arrestin have been associated with 

NMDA receptors. Genetic studies of β-arrestin proteins have further implicated that β-arrestin 

signaling plays a critical role in NMDA receptor function (G. Chen et al., 2016; Mittal et al., 2017). 

These studies have revealed that the two isoforms have unique effects with β-arrestin 2 knockout 

mice exhibiting increased NMDA current in spinal lamina (G. Chen et al., 2016), and β-arrestin 1 

knockout mice exhibiting decreased currents in nucleus accumbens (Mittal et al., 2017). Therefore, 

since δORs function are closely regulated by β-arrestin 1 and 2, it is certainly possible that β-

arrestin modulation of NMDA receptor could be impacted by δOR-β-arrestin signaling. A study 

by Pontrello et al. has shown more detailed mechanisms by which NMDA receptors are modulated 

by β-arrestin 2 signaling (Pontrello et al., 2012). Upon activation of NMDA receptor in the 
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hippocampus, subsequent calcium signaling dephosphorylates downstream cofilin, which is 

required for dendrite remodeling. In this study, β-arrestin 2 plays a key role in transferring cofilin 

to the dendrite for remodeling, and dysregulated dendrite remodeling resulted in impaired LTD 

and spatial memory, suggesting that the mechanisms by which β-arrestin 2 modulate NMDA-

mediated synaptic plasticity may be indirect (Pontrello et al., 2012).  

Besides β-arrestin-mediated modulation of synaptic transmission through NMDA receptors, 

studies have also demonstrated that opioid receptors such as μORs and δORs can engage with TRP 

channels through β-arrestin proteins. As previously introduced in Chapter 1.2.2, a series of studies 

by Rowan et al. demonstrated that both μORs and δORs can interact with calcium-permeable 

TRPV1 channels in primary sensory neurons, and this crosstalk was mediated by β-arrestin 2 

isoform (Rowan, Bierbower, et al., 2014; Rowan, Szteyn, et al., 2014). To further evaluate the 

crosstalk between δORs and another TRP channels, TRPA1 channels, which was implicated in 

modulating synaptic transmission in primary sensory neurons (Kosugi et al., 2007), a preliminary 

study presented in Figure 5.1 further examined a crosstalk between δORs and TRPA1 channels in 

HEK293 cells transiently expressing δORs and TRPA1 channels and measured TRPA1 agonist, 

ASP7663, mediated calcium influx in presence or absence of δORs agonists (SNC80 and TAN67). 

In this preliminary study, a pre-stimulation of a strong β-arrestin recruiter, SNC80, potentiated the 

calcium influx mediated by ASP7663, compared to a weak β-arrestin recruiter, TAN67 (Figure 

5.1 a and b). Furthermore, these effects were not observed in non-transfected HEK239 cells 

(Figure 5.1 c), indicating a role of β-arrestin in the crosstalk between TRPA1 and δORs. To further 

determine 1) detailed signaling pathways involved in the crosstalk between TRPA1 and δORs, 2) 

the effects of β-arrestin 1 or 2 in the crosstalk, and 3) neural mechanisms underlying the synaptic 

transmission mediated by TRPA1 channels, future experiments that incorporate pharmacological 

inhibitors of downstream signaling pathways, gene silencing technique for β-arrestin 1 or 2 

isoform, and brain slice recording with distinct neural circuits would provide additional insights 

on underlaying mechanisms. Together with these insights, it is expected that the in vivo tools 

evaluated in Chapter 4 would be able to contribute to facilitating preclinical phase of drug 

developments that may potentially target the crosstalk between δORs and TRPA1 channels by 

phenotypically screening opioid ligands in a high-throughput manner. 

Altogether, evidence clearly suggests that β-arrestin can modulate ion channel activity and 

through that impact neuronal excitability, which would be at a pace that might explain the 
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relatively fast behavioral responses observed with the β-arrestin preferring agonist, SNC80. It is 

important to note that the two β-arrestin isoforms differentially affect plasticity at synaptic levels, 

and thus further studies would be required to fully elucidate the unique role of two β-arrestin 

isoforms in distinct behavioral modulation.
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Figure 5.1 TRPA channel is modulated by activation of δORs via synthetic agonist, SNC80. 
To evaluate crosstalk between TRPA1 channels and δORs, HEK293 cells were pre-stimulated with 
δORs agonists including SNC80 and TAN67 and calcium influx by TRPA1 channels were 
evaluated by FLIPR-based calcium assay. (a) EC50 curves of ASP7663 with pre-stimulation of 
SNC80, TAN67, assay buffer (indicated as no-prestimulation). (b) Time-course calcium influx 
upon activaiton of TRPA1 in HEK293 cells stably expressing δORs and TRPA1 channels with 
SNC80 or TAN67 pre-stimulation. (c) Time-course calcium influx upon activation of TRPA1 in 
non-transfected HEK293 cells with SNC80 or TAN67 pre-stimulation.
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5.3 Spatiotemporal dynamics of ERK1/2 signaling by GPCRs 

The present thesis is primarily focused on ERK1/2 signaling located in whole cells including 

cytoplasm and nucleus. Yet, given that increased nuclear translocation and activation of ERK1/2 

is linked to gene transcription (Chambard et al., 2007), it would be crucial to discuss a potential 

implication of ERK1/2 in specific intracellular compartment. It is noteworthy that nuclear 

translocation of ERK1/2 can further impact the pathophysiology of various neurological disorders 

or behavioral changes, which include fear conditioning and spatial learning (Besnard et al., 2014), 

and long-term synaptic plasticity in the brain (Thomas & Huganir, 2004), drug addiction (Lu et al., 

2006), anxiety-like and depressive-like behavior (Duman et al., 2007; Huang & Lin, 2006; Wefers 

et al., 2012). These examples further signify the importance of investigating the spatial profile of 

ERK1/2 activation and if this is correlated to distinct pathophysiological or behavioral phenotypes.  

As previously mentioned in Chapter 1.3.1, activation of ERK1/2 is primarily mediated by 

either RTKs or two secondary effectors of GPCRs: G protein or β-arrestin (Lefkowitz & Shenoy, 

2005). Accumulating studies have suggested that spatial (cytosol vs. nucleus) profile of ERK1/2 

is associated with temporal (transient vs. persistent) profiles of ERK1/2. Ahn and colleagues first 

demonstrated that G protein mediates transient (~2-3 min) activation of ERK1/2 in the cytosols 

and nucleus in HEK293 cells expressing Angiotensin II receptor and β2-adrenergic receptors. 

Intriguingly, when G protein is ablated via pharmacological inhibitor, β-arrestin signaling 

promotes more persistent (~30 min) activation of ERK1/2 in the cytosols, suggesting differential 

temporal dynamics of ERK1/2 modulated by G protein and β-arrestin signaling (Ahn et al., 2004; 

Gesty-Palmer et al., 2006; Shenoy et al., 2006). However, further studies have implicated that the 

temporal dynamics heavily rely on cell and receptor types, in that studies suggested that β-arrestin 

can initiate a rapid and transient activation of ERK1/2 in HEK293 cells expressing vasopressin 

receptors (Ren et al., 2005), or sustained nuclear translocation of ERK1/2 in HEK293 cells 

expressing μ-opioid receptors (μOR) (Zheng et al., 2008). As previously described, ERK1/2 

signaling is involved in a critical role in various behavioral modulation, and it is important to 

understand ‘where’ (spatial) and ‘when’ (temporal) ERK1/2 signaling is activated in distinct 

cellular context.  

Despite the importance, investigating the spatiotemporal dynamics of ERK1/2 is challenging 

because: 1) spatiotemporal dynamics are highly cell and receptor type specific, and thus it requires 

studies in distinct receptor type in specific cellular context such as δORs expressing neuronal cell 
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lines, 2) a lack of in vivo tools to investigate real-time ERK1/2 activation in an organism makes it 

difficult to correlate the ERK1/2 activation profile with distinct pathophysiological or behavioral 

profile. Future studies that can identify correlation between real-time spatiotemporal dynamics of 

ERK1/2 and a unique disease status would provide great insights to the field.  

5.4 Molecular mechanisms of ERK1/2 in synaptic plasticity and fear conditioning 

Activation of ERK1/2 can affect various cellular functions ranging from cell differentiation to gene 

transcription. G protein and β-arrestin both activate ERK1/2 signaling, while it has been suggested 

that kinetics of β-arrestin-mediated ERK1/2 is much slower and persistent than G protein-mediated 

ERK1/2 (Shenoy et al., 2006). Not only have different temporal dynamics of ERK1/2 activation 

been observed, but different spatial locations of ERK1/2 activation have been suggested. As 

described in Chapter 5.3, studies have suggested that G protein activates ERK1/2 in the cytoplasm 

and nucleus, whereas β-arrestin activates ERK1/2 in the cytoplasm in HEK293 cells expressing 

Angiotensin II receptor and β2-adrenergic receptors (Ahn et al., 2004; Gesty-Palmer et al., 2006; 

Shenoy et al., 2006). The different spatiotemporal profiles make it plausible that the target of 

ERK1/2 may similarly differ. I will next discuss different downstream targets of ERK1/2 and 

different locations of activation, which may provide new hypotheses on how G-protein and β-

arrestin may impact intracellular signaling pathways and subsequent gene transcription. 

Earlier studies have found that ERK1/2 signaling is required for LTP in hippocampal and 

cortical neurons (Di Cristo et al., 2001; English & Sweatt, 1997). Upon postsynaptic calcium entry 

in neurons, CaMKII triggered by calcium entry stimulate AC (Impey et al., 1999). Subsequent 

production of cAMP can activate downstream Rap1 and Raf1 in series, which ultimately activates 

ERK1/2 (Impey et al., 1999). Activation of ERK1/2 can be critical in that nuclear translocation 

can further allow gene transcriptional potential protein synthesis required for LTP (Impey et al., 

1999). Activation of transcriptional factors such as ETS transcription factor-1 (Elk-1) or cAMP 

response element-binding protein (CREB) has been implicated as a mechanism by which ERK1/2 

mediates long-term synaptic plasticity (Figure 1.5) (S. Davis et al., 2000). Nuclear 

phosphorylation of Elk-1 by ERK1/2 activation can bind to serum response element (SRE) in the 

promoter regions of target genes including c-fos and immediate early genes (IEGs) (Besnard et al., 

2011). An alternative pathway for ERK1/2 to indirectly modulate gene transcription is via 

downstream kinase such as ribosomal protein kinase (RSK) family. Upon activation of RSK by 
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ERK1/2, RSK translocate to the nucleus and further phosphorylate a downstream transcriptional 

factor, CREB (De Cesare et al., 1998; Ginty et al., 1994). Subsequent binding of CREB in CRE 

promotor region also mediates c-fos and other IEGs induction (West & Greenberg, 2011). 

Neuronal c-fos and IEGs encode critical neuronal functions including other transcriptional factors 

for protein synthesis, growth factors, metabolic enzymes, cytoskeletal proteins, and proteins 

required for plasticity, and thus provide critical roles in the overall mechanisms for synaptic 

plasticity (Lanahan & Worley, 1998). For instance, studies have also demonstrated that the c-fos 

and IEGs are required for NMDA-dependent synaptic plasticity (Fleischmann et al., 2003), spatial 

memory formation (Vann et al., 2000), contextual and cued fear conditioning memory retrieval 

(Hall et al., 2001), and contextual fear memory extinction (Mamiya et al., 2009). Although the 

present thesis did not cover the downstream targets of ERK1/2 in the perspective of emotional 

regulation, above accumulating studies clearly show the connection between ERK1/2 signaling in 

behaviors potentially through downstream gene transcription and subsequent neuronal/synaptic 

modulation. The present thesis, especially Chapter 2, clearly suggests that the two signaling 

pathways differentially modulate emotional behaviors. Furthermore, I have briefly discussed that 

differential molecular and cellular mechanisms of synaptic transmission and spatiotemporal 

activation of ERK1/2 by two distinct GPCR signaling pathways in previous sections. Thereby, it 

is possible that G protein- and β-arrestin-mediated pathways may differentially modulate 

behaviors through differential transcriptional modulation as well as subsequent synaptic 

transmission. Future studies with interdisciplinary approaches would be able to provide more 

insights on this topic.    

5.5 Conclusion 

Overall, the present thesis investigated signaling by membrane proteins (specifically δORs and 

TRPA1) in the perspective of anxiety, fear, and pain. In Chapter 2, I demonstrated that δORs are 

an interesting novel target for the development anti-anxiety therapeutics. A key finding was the 

importance of β-arrestin 2 signaling in the therapeutic efficacy of the anxiolytic drug. This stands 

in contrast with recent findings in the opioid field that promote G protein signaling for treating 

pain. Thus, my findings suggest that careful consideration should be given to using G protein-

biased analgesics in patients with co-morbid mood disorders as it may be difficult to treat both 

disorders effectively with a signal biased opioid drug. The findings in Chapter 2 targeting δORs 
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also showed a beneficial role of β-arrestin signaling in mood regulation, but they are particularly 

intriguing in that two β-arrestin isoforms regulate different types of mood behaviors such as 

anxiety- and fear-related behaviors. This unique observation was also followed by distinct ERK1/2 

activities in the brain. β-arrestin 1 increases ERK1/2 activation in the basal ganglia, whereas β-

arrestin 2 increases ERK1/2 activation in the limbic regions of the brain. These results prompt 

further stratification of biased drugs into β-arrestin isoform-biased drugs to precisely treat a 

specific disorder. In addition to ERK1/2 activities by β-arrestin signaling, Chapter 3 briefly 

examined MAP kinase activities sensitive to various anesthetic methods. Given that many research 

paradigms heavily rely on anesthetic methods to record, monitor, and screen neural activities, the 

studies carry significance in providing guidelines towards robust and unbiased experimental design. 

Finally, the current thesis also discussed GPCR-mediated ion channel modulation. As described 

in Chapter 1.2, TRP channels, in particular, are attractive alternative targets for chronic pain 

syndrome in that they can crosstalk with various opioid receptors potentially through β-arrestin 

signaling of GPCRs. In Chapter 4, I provided further support for TRPA1 as a therapeutic target for 

chronic pain and helped develop a high-throughput screen in zebrafish to identify novel TRPA1 

antagonists with analgesic efficacy. Moreover, I presented a first hint of novel opioid ligand 

crosstalk with TRPA1 channels. Whether this crosstalk is synergistic or antagonistic is still unclear, 

but it highlights the importance of providing in depth investigations of complex pharmacology of 

GPCRs and ion channel signaling transduction, as such insight would accelerate the development 

process of novel drugs that can treat pain and possible pain that is co-morbid with anxiety disorders. 
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