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 Abstract 

G protein-gated inwardly-rectifying K+ (GIRK/Kir3) channels mediate the 

inhibitory effect of many neurotransmitters on excitable cells of the heart and brain. 

Dysregulation of GIRK signaling is known to underlie a number of disorders, including 

arrhythmia, epilepsy, depression, anxiety, schizophrenia, and drug addiction. GIRK 

channels are gated by inhibitory Gi/o proteins and temporally modulated by Regulators of 

G protein Signaling (RGS) proteins. GIRK channels are tetramers consisting of various 

combinations of four mammalian Girk subunits (GIRK1-4). This dissertation focuses on 

neuronal and cardiac GIRK signaling cascades as targets for new pharmacotherapies in 

the treatment of anxiety-related disorders and cardiac arrhythmias. 

Both robust GIRK channel activity and modulation by a new class of GIRK-

specific drugs depend on the GIRK1 subunit. The presence of GIRK1 in channel 

complexes is necessary for robust channel activity. We first sought to better understand 

the potentiating influence of GIRK1, using the GABAB receptor and GIRK1/GIRK2 

heteromer as a model system. We found residues in both the distal carboxyl-terminal 

domain and channel core that underlie the GIRK1-dependent potentiation of receptor-

dependent and receptor-independent heteromeric channel activity. Further, ML297, the 

prototypical member of a new family of small molecule GIRK channel modulators, 

selectively activates GIRK1-containing channels. We found that ML297 activates GIRK 

channels via a unique mechanism that requires two amino acids specific to the GIRK1 

subunit. In addition, ML297 reduces anxiety-related behavior in mice, in a GIRK1-

dependent manner, without triggering addiction-related behavior. Thus, ML297 is a new 
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tool for probing the therapeutic potential of GIRK channel modulation, which may 

benefit individuals with anxiety-related disorders. 

Cardiac GIRK signaling plays a role in the parasympathetic regulation of heart 

rate (HR). Parasympathetic activity decreases HR by inhibiting pacemaker cells in the 

sino-atrial node (SAN). RGS proteins are negative modulators of the parasympathetic 

regulation of HR and the prototypical M2 muscarinic receptor (M2R)-dependent signaling 

pathway in the SAN that involves the muscarinic-gated atrial K
+
 channel IKACh (a 

GIRK1/GIRK4 tetramer). We first identified RGS6 as a temporal regulator of cardiac 

M2R-IKACh signaling in atrial myocytes and SAN cells. Both RGS4 and RGS6 have been 

implicated in the negative modulation of the parasympathetic regulation of HR and the 

M2R-IKACh signaling pathway. We next looked at the contribution of RGS4 and RGS6 to 

the modulation of M2R-IKACh signaling. Ablation of Rgs6, but not Rgs4, correlated with 

decreased resting HR and a significant delay of M2R-IKACh deactivation rate. Thus, 

RGS6, and not RGS4, is the primary RGS modulator of cardiac M2R-IKACh. Taken 

together, these findings suggest that RGS6 is a potential pharmacotherapeutic target as 

the dysregulation of parasympathetic influence has been linked to sinus node dysfunction 

and arrhythmia. 
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I. CONTROL OF CELLULAR EXCITABILITY  

Nerve cells and muscle cells have a lipid-based plasma membrane that is 

responsive to electrical and chemical stimulation. These excitable cells use electrical 

signals generated by separating electrical charges across the plasma membrane to 

communicate with other cells or trigger muscle cell contraction. Control and maintenance 

of cellular excitability is a fundamental physiological process. Dysregulation of cell 

excitability is a major underlying factor of prevalent and debilitating diseases, including 

cardiac arrhythmias and neurological disorders, such as epilepsy, schizophrenia and 

depression. Cell excitability is regulated by many hormones and neurotransmitters that 

act through cell surface receptors coupled to heterotrimeric GTP-binding proteins (G 

proteins), leading to the modulation of enzymes and ion channels. G proteins are active in 

nearly every organ system and, thus, their surface receptors are considered to be one of 

the most important drug targets by the pharmaceutical industry. Currently, more than 

30% of all available therapies target G protein signaling [1]. These treatments target high 

blood pressure, arrhythmias, pain, anxiety, depression, attention-deficit disorder, epilepsy 

and other seizure-inducing conditions. Unfortunately, medications targeting G protein 

signaling often have adverse side effects, due in part to the widespread activity of these 

signaling cascades. The mechanisms underlying the functional and spatial organization of 

G protein signaling cascades are still poorly understood. However, by understanding the 

many facets of G protein signaling, it may be possible to improve current 

pharmacotherapies by making them more selective and efficacious, while reducing 

unwanted side effects.  
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Heterotrimeric GTP-binding proteins  

 Heterotrimeric G proteins consist of an α, β, and γ subunit [2, 3]. There are 21 

human Gα subunits, 5 Gβ subunits, and 12 Gγ subunits [4-6]. There are different Gα 

subtypes, including Gαs, Gαq, Gαi/o, and Gα12, all of which contain a conserved GTPase 

domain and helical domain [7-9]. The GTPase domain is responsible for the hydrolysis of 

GTP and creating the binding surfaces for interactions with surface receptors, the Gβγ 

dimer, and downstream effector proteins [2]. This domain also has three small loops that 

undergo significant conformational changes between the inactive GDP-bound and active 

GTP-bound states [10-12]. The helical domain of the Gα acts to enclose the GDP/GTP 

binding site. Most Gα subunits are anchored to the plasma membrane through the post-

translational addition of a palmitoyl, and for Gαi/o, myristoyl moiety to the N-terminus 

[13, 14]. Gα subtypes differ in the identity of their downstream effectors. Gαs and Gαq 

promote excitatory effects within the cell, whereas Gαi/o promotes inhibitory changes [2]. 

 Gβ and Gγ subunits form a protein dimer and act together as a single functional 

unit. The Gβ subunit has an N-terminal α-helix while the remainder of the subunit forms 

a large seven-bladed β-propeller structure. The Gγ subunit is smaller and has an N-

terminal α-helix that forms a coiled-coil domain with the Gβ N-terminus [15]. 

Additionally, the small C-terminus of the Gγ subunit interacts with Gβ blades 5 and 6 

[15]. Together, these interactions are responsible for the Gβγ dimer formation, which 

only separates under denaturing conditions [3, 15, 16]. The Gβγ dimer, like Gα, is also 

anchored to the membrane via a farnesyl or geranylgeranyl moiety that is added to the Gγ 

C-terminus through a post-translational isoprenylation [17]. The Gβ subunit of the Gβγ 
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dimer interacts with the Gα subunit. The Gβ binding site on the Gα subunit is a 

hydrophobic pocket formed by two of the flexible loops and the N-terminus [10, 16]. 

Both Gα and Gβγ go on to act on downstream effectors, making the heterotrimeric G 

protein a ubiquitous signaling protein.  

 

G protein-coupled receptors  

Surface receptors that couple to heterotrimeric G proteins are known as G protein-

coupled receptors, or GPCRs. The GPCR superfamily is made up of vast and diverse 

group of receptors that are encoded by nearly 800 human genes and interact with 

numerous hormones and neurotransmitters [18]. Common to all GPCRs is a seven 

transmembrane-spanning α-helix domain, an extracellular N-terminus, an intracellular C-

terminus, three extracellular inter-helical loops, and three intracellular inter-helical loops 

[2]. The GPCR superfamily can be phylogenically divided into 5 separate families: 

rhodopsin, secretin, glutamate, adhesion, and frizzled-taste-2 [19]. There is evidence that 

GPCR members of the rhodopsin and glutamate families can form homo- and 

heterodimers, yielding further diversity and complexity to this superfamily [20-25]. Yet, 

despite the vastness of this superfamily of receptors, GPCRs signal through a relatively 

small but important group of G protein subtypes.  

 

GPCR activation of G proteins  

Ligand binding often occurs at the extracellular N-terminal domain of GPCRs, 

resulting in a conformational change of the receptor’s membrane-spanning domains, 

which activates heterotrimeric G proteins [20]. There are two leading proposals regarding 
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how inactive G proteins encounter GPCRs in their active state. The “collision-coupling” 

theory postulates that many inactive G proteins are free floating in the membrane where 

they collide with and become activated by ligand-bound GPCRs [26]. Alternatively, the 

“pre-coupling” or “preassembly” theory suggests that inactive G proteins are already 

associated with inactive GPCRs and become activated when GPCRs are activated [27]. 

While evidence is mounting for the latter, experiments to date have primarily been 

performed in vitro and thus mechanisms underlying G protein-GPCR encounters remain 

somewhat unclear [28-32].  

However they couple, heterotrimeric G proteins are activated by ligand-bound 

GPCRs. Upon ligand binding, the transmembrane regions and the intracellular loops of 

GPCRs shift causing the Gα subunit to release its bound GDP (reviewed in [2]). After it 

dissociates from GDP, Gα readily binds GTP due to its high intracellular concentration, 

causing a significant conformational change which results in the dissociation of Gα-GTP 

from both the receptor and the Gβγ dimer [2]. Active GTP-bound Gα and the released 

Gβγ are both free to act on many downstream effectors, including cyclases, lipases, and 

ion channels [9, 33, 34]. These signaling cascades are ultimately terminated by the 

hydrolysis of bound GTP back to GDP, prompting Gα to reassociate with the Gβγ dimer 

and a return to the initial heterotrimeric conformation for subsequent activation. 

 

Gi/o G proteins regulate cell excitability  

 Activation of GPCRs coupled to the Gαi/o family of G proteins promotes 

activation of signaling cascades that exert a hyperpolarizing influence that is critical for 

regulation of cell excitability.  The Gi/o protein family is made up of Gαi and Gαo 
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isoforms: Gαi1, Gαi2, Gαi3, GαoA, and GαoB [4]. This family of Gi/o proteins is unique in 

their sensitivity to pertussis toxin (PTX), which is produced by the bacterium Bordetella 

pertussis. Specifically, PTX promotes ADP-ribosylation of the Gα subunit, which locks 

the Gα subunit into an inactive GDP-bound state and disrupts interactions with activated 

GPCRs [35-39].  

 Upon Gi/o activation, GTP-bound Gαi/o and free Gβγ act on downstream effectors 

that reduce cell excitability or inhibit excitatory processes. There are three main pathways 

in which this occurs: inhibition of adenylyl cyclase, inhibition of Ca
2+

 channels, and 

activation of K
+
 channels (Fig. 1.1). Active Gαi/o inhibits the activity of adenylyl cyclase 

(AC), which normally catalyzes the conversion of ATP to cAMP (3’-5’-cyclic adenosine 

monophosphate), a cofactor for the prominent Protein Kinase A (PKA) [40-42]. 

Alternatively, Gβγ can directly inhibit Ca
2+

 influx through certain types of voltage-gated 

Ca
2+

 channels and activate a specialized subset of inwardly-rectifying K
+
 channels that 

normally allow an efflux of K
+
 and hyperpolarize the cellular membrane [43-49]. These 

specialized K
+
 channels are G protein-gated inwardly-rectifying K

+
 ion (GIRK) channels. 
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Figure 1.1. Inhibitory Gi/o G protein signaling pathway. This diagram demonstrates 

the downstream effects of heteromeric Gi/o protein activation via GPCR activation. 1. 

GTP-bound Gαi/o inhibits adenylyl cyclase activity, preventing the conversion of ATP 

into second messenger cAMP. 2. Released Gβγ can inhibit certain types of voltage-gated 

calcium channels, inhibiting calcium influx. 3. Released Gβγ activates G protein-gated 

inwardly-rectifying potassium channels, or GIRK channels, causing an efflux of 

potassium ions and hyperpolarization of the cell membrane. An RGS protein is included, 

as these proteins catalyze the hydrolysis of GTP to GDP, returning the G protein to its 

inactive heterotrimeric state.   
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II. GIRK CHANNELS  

 GIRK channels play a key role in the maintenance of cellular excitability 

throughout the brain and heart, where they regulate synaptic transmission and heart rate, 

respectively [50, 51]. Under physiological conditions, the basal level of GIRK activity 

contributes in the maintenance of neuronal resting membrane potential [52]. Upon 

receptor activation of GIRK channels, the membrane becomes hyperpolarized, reducing 

cell excitability. GIRK channel activation can result in the direct suppression of neuron 

firing or can contribute to the inhibitory tone of a neuronal network [53-56]. 

Dysregulation of GIRK signaling is known to be an underlying factor in a number of 

disorders, including arrhythmia, epilepsy, depression, anxiety, schizophrenia, and drug 

addiction [57]. Thus, GIRK channels have been, and remain, an important topic of study 

for more than two decades. The work that lies herein has given novel insight into the 

function and regulation of these channels that will impact the field. 

 

Electrophysiological properties of GIRK channels  

GIRK channels are members of the inward-rectifier potassium channel family 

(KirX) [58]. This channel family is characterized by their strong inwardly-rectifying 

current-voltage relationships. The inward-rectification of GIRK channels has been linked 

to intracellular Mg
2+

 and polyamines [58, 59]. These positively charged molecules block 

outward current by occluding the pore at depolarized potentials, or potentials above the 

equilibrium potential for potassium (EK). [58-61]. Equilibrium potentials for ions can be 

calculated using the Nernst equation. The Nernst equation adapted for the calculation of 

the equilibrium potential of potassium (EK) is defined below:  
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At physiological conditions, where [K
+
]out = 4 mM and [K

+
]in =155 mM, EK is -90 mV.  

However, many electrophysiology experiments, including those described in this work, 

are done in high extracellular K
+
 (e.g. [K

+
]out = 25 mM). This shifts the experimental EK 

to -40 mV. In the current-voltage relationship of GIRK channels, the current changes 

from negative to positive near -90 mV (or near -40 mV when [K
+
]out = 25 mM), making 

this the reversal potential. This relationship is true of all inward-rectifying potassium 

channels, including GIRK channels.  

 

Channel formation and trafficking  

GIRK channels are tetrameric complexes that form one channel pore at the 

plasma membrane with eight transmembrane domains [57, 62-66]. There are four 

mammalian GIRK subunits: GIRK1 (Kir3.1), GIRK2 (Kir3.2), GIRK3 (Kir3.3), and 

GIRK4 (Kir3.4), all of which are highly conserved in sequence and structure [67]. Each 

subunit is composed of a cytosolic N-terminus, two membrane-spanning domains, two 

extracellular loops, one pore domain, and a cytosolic C-terminus. Four GIRK subunits 

come together to form a tetrameric channel. The pore domain contains the selectivity 

filter that permits only the passage of K
+
 ions through the channel opening.   

The identity and location of their trafficking motifs differ across the GIRK 

subunits. GIRK2 and GIRK4 contain endoplasmic reticulum (ER) export motifs as well 

as post-Golgi surface-promoting signals that allow both subunits to form functional 

homotetrameric channels at the plasma membrane [68]. The ER export motifs are located 
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on the N-terminus: GIRK2 residues 18-25 (DQDVESPV) and GIRK4 residues 10-17 

(NQDMEIGV) [68]. The post-Golgi surface-promoting signals are highly-acidic regions 

in the distal C-terminus of both subunits: GIRK2 residues 394-401 (ELETEEEE) and 

GIRK4 residues 391-408 (EAEKEAEAEHDEEEEPNG) [68]. Furthermore, the 

phosphorylation of GIRK2 residue T397 can potentially increase the surface expression 

of GIRK2 [68]. These motifs are not conserved in GIRK1 and GIRK3, thus GIRK1 and 

GIRK3 cannot be independently exported from the ER to form functional homomeric 

channels, but instead require interaction with GIRK2 or GIRK4 subunits for transport to 

the membrane [64, 68-70].  

 Interestingly, GIRK3 has been shown to decrease the surface expression of 

heteromeric channels containing GIRK2/GIRK3 or GIRK1/GIRK2/GIRK3 [68]. It has 

also been shown that the presence of GIRK3 can reduce currents produced by GIRK2 

homomeric or GIRK1/GIRK2 heteromeric channels [66, 71]. The negative effect of 

GIRK3 can be attributed to both the absence of any forward trafficking signals and the 

presence of a lysosomal targeting signal in the distal C-terminus: GIRK3 residues 351-

354 (YWSI) [68]. As another form of regulation, GIRK2 contains an endocytosis signal 

(also known as internalization motif) in the N-terminus that controls the surface 

expression of GIRK2 homomeric and GIRK1/GIRK2 heteromeric channels: GIRK2 

residues 11-12 (VL) [68]. 

 

GIRK splice variants  

 Alternative splicing can yield many protein variations from the same gene. 

Structural and functional differences between splice variants could be exploited as a 
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therapeutic strategy. The murine Kcnj6 gene that encodes GIRK2 undergoes alternative 

splicing to yield four different GIRK2 isoforms: GIRK2A, GIRK2B, GIRK2C, and 

GIRK2D. GIRK2A-C are expressed in the brain, while GIRK2D is primarily expressed 

in the testes [57, 72-74]. GIRK2A contains all of the forward trafficking domains and 

internalization motif previously described [68, 72]. GIRK2C is identical to GIRK2A, 

with the exception of 11 additional amino acid residues at the end of the C-terminus, 

which contain a PDZ binding domain: GIRK2C residues 421-425 (ESKV) [73, 75]. 

Alternatively, GIRK2B is a lesser expressed truncated variant that lacks the last 96 

residues of the GIRK2A C-terminus (residues 318-414), and the C-terminal forward 

trafficking motif, ELETEEE [68, 74]. GIRK2D was the final isoform identified and is 

identical to GIRK2A minus the presence of the first 18 amino acid residues [76]. This 

lack of the N-terminal internalization motif promotes stronger surface expression and 

reduced intracellular protein levels compared to GIRK2A [68, 76]. 

GIRK1 C-terminal splice variants have also been isolated from brain and heart 

tissue, in addition to certain cancer cell lines, and are referred to as hGIRK1a,b,c,d,e [77-

79]. Unlike wild-type GIRK1, these isoforms are limited in their ability to form 

functional heteromeric channels. No isoforms of GIRK3 or GIRK4 have yet been 

reported [57]. 

 

GIRK subunit distribution  

Central Nervous System 

 GIRK1, GIRK2 and GIRK3 are broadly distributed in the central nervous system 

(CNS) [50]. GIRK4 does not demonstrate expression in the CNS, apart from expression 
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in the hypothalamus [50, 80, 81]. Within the CNS, GIRK1, GIRK2, and GIRK3 exhibit 

overlapping but distinct distribution patterns [50]. While most neuron populations 

express GIRK1, GIRK2, and GIRK3, biochemical and genetic approaches have 

demonstrated that the predominant CNS GIRK channel contains GIRK1 and GIRK2 [63]. 

Ablation of GIRK2 results in a near to complete loss of GIRK current in many brain 

regions including the hippocampus [52, 82], cerebellum [83], substantia nigra [82], locus 

coeruleus [84, 85], and ventral tegmental area (VTA) [86]. GIRK subunits also display 

cell-type specific distribution within brain regions. For example, the VTA of the midbrain 

is known for its two prominent cell types: dopaminergic and GABAergic neurons [87]. 

VTA GABA neurons express GIRK1, GIRK2, and GIRK3 whereas VTA dopamine 

neurons only express GIRK2 and GIRK3 [87]. Furthermore, dopamine neurons in the 

substantia nigra, also part of the midbrain, only express GIRK2A and GIRK2C-

containing channels [88].  

 

Distribution in cardiac tissue and other regions  

GIRK1 and GIRK4 are expressed in cardiac atrial tissue, where together they 

form the IKACh channel [69]. IKACh-dependent currents have been observed in the 

sinoatrial node, the AV node and atrial cardiomyocytes [51, 89]. GIRK channels play a 

role in other regions of the body as well, including the testes and the islet cells of the 

pancreas. All four GIRK subunits are expressed in mouse pancreas islet cells, where they 

are involved in epinephrine-mediated signaling and mediate in part the inhibition of 

insulin secretion [90]. GIRK2, specifically GIRK2D, is expressed in the testes, where it 

plays a role in sperm function during fertilization in both mice and boars [76, 91].   
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Cofactors of GIRK channel activation  

 In addition to the binding of the Gβγ subunit, GIRK channels require the presence 

of phosphatidylinositol-4,5-bisphosphate (PIP2) to open and hyperpolarize the cell 

membrane [92, 93]. PIP2 is a specialized phospholipid located on the inner leaflet of the 

plasma membrane where it is involved in both excitatory and inhibitory signaling 

cascades [94]. PIP2 is mostly thought of as an intermediate in the Gαq activation of 

Protein Kinase C (PKC) and Ca
2+

 influx. In this pathway, phospholipase C (PLC), 

activated by Gαq, breaks down PIP2 into two excitatory second messengers: diacyl 

glycerol (DAG) and inositol 1,4,5-triphospate (IP3). DAG goes on to activate PKC, while 

IP3 is released to the cytosol where it releases Ca
2+

 from the ER into the cytosol. 

Increased cytosolic Ca
2+

 concentration can result in a number of excitatory actions, 

including muscle cell contraction [95]. PIP2, when not broken down into its excitatory 

counterparts, plays an inhibitory role at the plasma membrane, where it interacts with 

several types of potassium channels and is required for their subsequent activation and 

efflux of K
+
 ions. Inwardly-rectifying potassium channels (Kir1-7) require PIP2 for their 

activation [96]. GIRK channels are unique from their other inward-rectifying 

counterparts in that, in addition to PIP2, they also require Gβγ for activation [92].  GIRK 

channels have a reduced binding affinity for PIP2 compared to other inward-rectifying K+ 

channels that are constitutively activated by PIP2 alone, but Gβγ increases the strength of 

the PIP2-GIRK interaction [94, 97]. 

Along with PIP2, it has also been found that intracellular Na
+
 is able to activate 

GIRK channels (EC50 30-40 mM) [73, 97-101]. Na
+ 

is not thought to be necessary for 

GIRK activation, but rather can activate GIRK channels as part of an excitatory feedback 
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mechanism. In this context, excitatory mechanisms that increase the intracellular Na
+
 

concentration above the normal range of 5-15 mM would cause an increased level of 

GIRK activity, which would return the cell to a hyperpolarized state [93]. In summary, 

GIRK channels require both Gβγ and PIP2 for channel activation whereas Na
+
 can further 

enhance basal and receptor-induced GIRK channel activity. 

 

GIRK channel gating: structural insights  

 Functional studies have shown that Gβγ and PIP2 are required for channel 

activation. Yet, until recently, it was unclear how these cofactors were physically 

influencing GIRK channel gating. X-ray crystallography and functional NMR studies 

revealed partial cytosolic structures and chimeric structures of inwardly-rectifying K
+
 

channels [102-105]. More recently, a complete crystal structure of the GIRK2 homomeric 

channel was resolved [93]. This study identified the exact binding sites of Na
+
 and PIP2. 

The crystal structure of the GIRK2-Gβγ interaction was resolved shortly after [106]. The 

GIRK2 structure, in the absence of cofactors, gives a detailed view of what is considered 

to be the closed state of the channel. The ‘closed’ structure suggests that there are two 

gates within the GIRK channel. The first gate—the inner helix gate—is formed by the 

four M2 helical domains, one from each subunit, as they are the inner helices that line the 

pore opening. The side chain of phenylalanine residue 190 on each M2 helix makes up 

the narrowest part of the pore. The second gate—the G loop gate—is formed by the G-

loop (the loop connecting the βH-βI sheets) located in the cytosolic domains just below 

the plasma membrane (Fig. 1.2).  
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The resolved crystal structure of GIRK2 revealed the Na
+
 binding site. Na

+
 binds 

in the cytosolic region of GIRK2, right underneath the βC-βD loop (Fig. 1.2, see also 

Fig. 3.10). GIRK2 residue D226 has been shown to be a critical determinant of Na
+
 

activation [93]. The loss of the negative charge provided by the aspartic acid residue (by 

mutating it to the uncharged asparagine residue) disrupts the binding, and subsequent 

activation, of Na
+ 

to the GIRK2 channel [97-99]. Along with D226, there are other 

residues thought to coordinate Na
+
 binding, including R228, N229, S230, along with 

some residues from the βE-βG loop, L273 and V274 (Fig. 1.2). 

The PIP2 binding site is at the interface of the transmembrane domains and the 

cytosolic domains (see Fig. 3.10). Many positively-charged GIRK2 residues in this area 

coordinate the interaction with the negatively-charged PIP2 molecule, including K62, 

K192, K197, and K198. PIP2 binding to GIRK2, in the absence of Gβγ or a constitutively 

active mutation, produced only a slight rotation of the inner M2 helices, a modest 

displacement of the interfacial helix, and a weakened electrostatic state of F190, the most 

constricted part of the pore. PIP2 alone does not open either channel gate, which is 

consistent with previous studies that show PIP2 alone cannot open GIRK channels in 

electrophysiology experiments [92, 97]. 

The Gβγ binding surface is a very large portion (700Å
2
) of the outward-facing 

plane of the cytosolic domains [106]. The Gβγ binding surface is made up of the βK, βL, 

βM, βN sheets from one subunit, and of the βD, βE sheets from the adjacent subunit (Fig. 

1.2, see also Fig. 3.10). All of these structures are conserved across the inward-rectifying 

family, but only GIRK channels are able to interact with Gβγ. There are residues unique 

to GIRK channels within these structures that are essential to this protein-protein 
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interaction. These include: Q246 and F252 on the βD-βE loop, L340, S341/T341, L342 

on the βL-βM loop (Fig. 1.2). Further, there are electrostatic interactions between several 

acidic residues (unique to GIRK channels) on the βL-βM loop and the electropositive 

surface of the Gβ subunit. 

Taken together with years of functional data on these channels, the new resolved 

structures of open and closed channels give a clear model of GIRK channel gating.  

Alone, Na
+
, PIP2, and Gβγ are able to evoke small amounts of GIRK current, but together 

they activate GIRK channels to a greater, and perhaps full, extent [106]. Upon Gβγ 

binding to GIRK2, which already is interacting with PIP2, the cytoplasmic domains rotate 

(4° counter-clockwise) with respect the transmembrane domains, causing a splaying of 

the inner M2 helices. This conformation is only partially open when compared to the 

PIP2-bound constitutively active GIRK2 mutant, in which the inner helices further splay 

open due to a greater rotation of the cytoplasmic domains (8° counter-clockwise) [106]. 

These differences in open conformation are likely attributable to the bursts of channel 

activity characterized in single-channel electrophysiology. This detailed structure-

function mechanism of GIRK channel gating is important to the investigation of inherent 

GIRK channel properties across subunits (Chapter 2) and to understanding how new 

GIRK agonists modulate GIRK channel gating mechanisms (Chapter 3). 
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Figure 1.2. GIRK subunit alignment and secondary structure. The four mammalian 

GIRK channel amino acid sequences are aligned to convey the conserved sequence 

homology shared by these subunits. Accession numbers: NM008426 (GIRK1), 

NM010606 (GIRK2), NM008429 (GIRK3), and NM017297 (GIRK4). The bolded 

residues in the pore helix, K
+
 filter, and distal C-terminus are residues studied in Chapters 

2 and 3. The light gray sequence at the end of GIRK2 represents the sequence unique to 

GIRK2C, while the rest of the GIRK2 sequence is shared by GIRK2A and GIRK2C. 

Secondary structure, adapted from [103], is overlayed onto sequences to map specific 

regions as they relate to cofactor interactions and gating. Spiral shapes represent α-helices 

and arrows represent β-sheets. The lines that connect these structures are loops.  
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Structural and functional differences among GIRK subunits 

PDZ binding motifs  

A PDZ binding motif is located at the end of the C-terminus of both GIRK2C and 

GIRK3 that is absent from GIRK1, GIRK4, and other GIRK2 isoforms. The presence of 

this PDZ binding motif seems to confer differences in expression and/or function. In 

terms of expression, GIRK2C forms more surface channels relative to GIRK2A [68]. On 

GIRK3, this PDZ binding motif is thought to negatively regulate the level of GIRK 

channels at the cell surface. The PDZ binding motif on GIRK3 has been shown to interact 

with Sorting Nexin 27 (SNX27), a protein that associates with the early endosome, 

causing GIRK3-containing channels to be internalized at a higher rate relative to non-

GIRK3-containing channels [107]. While GIRK2C has been shown to interact with 

SNX27, it is believed that internalization is specific to GIRK3, as the surface expression 

of GIRK2C is unaffected by SNX27 [107]. GIRK3 is thought to play more of a 

regulatory role, as the genetic ablation of Girk3 does not affect hippocampal GIRK 

currents [82]. The difference between the behavior of the PDZ binding motifs of 

GIRK2C and GIRK3 could be attributed to the strength of the forward trafficking motif 

of GIRK2C, and the presence of the lysosomal targeting signal in GIRK3. There is yet to 

be a function associated with the PDZ binding motif of GIRK2C, but a few binding 

partners have been suggested in the literature: PSD95, SNX27, and SAP97 [88, 107, 

108]. Some data suggest that there is a potential difference in trafficking or intracellular 

compartmentalization between GIRK2A and GIRK2C, but more studies are needed 

[109].  
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GIRK1-containing channels  

There are inherent differences in channels containing GIRK1, as compared to 

channels lacking GIRK1. First, single channel properties are altered. For example, 

heteromeric channels that contain GIRK1 exhibit relatively long mean open times of 1-2 

ms, whereas GIRK2 homomeric channels demonstrate short mean open times of <0.5 ms 

[66, 70, 73, 110]. Next, binding affinities for cofactors PIP2 and Na
+
 differ across 

subunits. GIRK1-containing channels have a higher binding affinity for PIP2 relative to 

GIRK2 homomers [111]. In addition, GIRK2 and GIRK4 subunits contain the residue 

needed for Na
+
 binding (GIRK2 D226; GIRK4 D223), where GIRK1 does not (GIRK1 

N217) [97-99]. Finally, GIRK1-containing channels demonstrate robust receptor-induced 

currents compared to their homomeric counterparts as observed in whole-cell patch-

clamp electrophysiology experiments [82]. The mechanisms underlying single-channel 

and whole-cell electrophysiological properties unique to GIRK1-containing channels are 

explored in the work described in Chapter 2.  

 

Chimeric and mutagenesis studies  

 Early structure-function studies of GIRK channels were successful in identifying 

regions essential for important channel interactions and inherent channel properties. For 

example, a chimeric study comparing different regions of GIRK1 to those of IRK1 

(Kir2.1) was used to identify the regions of GIRK channels required for their hallmark 

interaction with Gβγ long before crystallography was used to study channel gating [110]. 

This chimeric method was further used in exploring inherent structures of GIRK channels 

that lead to enhanced channel activity [112-115]. The success of these studies is what led 
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to the selection of this chimeric method for the work in Chapter 2, as the structural 

determinants for robust GIRK1-containing channel activity remained unclear. As such, 

this work used a chimeric strategy to exchange GIRK2 domains for homologous GIRK1 

domains to elucidate the important structures and mechanisms that underlie the robust 

activity of GIRK1-containing channels. 

 

Temporal regulation of G Protein signaling  

 The strength of G protein-dependent signaling can be regulated at the G protein 

level by multiple mechanisms.  The activation and deactivation kinetics associated with 

the opening of GIRK channels are dependent upon the binding efficiency of Gβγ to the 

channel and the inherent GTPase activity of Gαi/o which can release or sequester Gβγ 

depending on its state [116-118]. The Gα subunit can be modulated by proteins that 

accelerate GTPase activity, influence the nucleotide exchange of GDP to GTP, or 

interrupt protein-protein interactions between G protein subunits[119]. For example, 

Activators of G protein Signaling (AGS) proteins can promote guanine nucleotide 

exchange in a similar manner to GPCRs or compete with Gβγ to bind GDP-Gα causing 

free Gβγ without GPCR activation [120-122].  Regulators of G protein Signaling (RGS) 

proteins on the other hand, promote hydrolysis of the GTP bound to active Gα subunits 

[123, 124] (Fig. 1.1). These proteins have a highly-conserved RGS domain of about 120 

amino acid residues that has GTPase-Accelerating Protein (GAP) activity [125]. RGS 

proteins are divided into subfamilies based on the identity of their other functional 

domains, many of which may determine affinity or selectivity for different Gα isoforms 

[126, 127]. 
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 Subfamilies of RGS proteins  

 There are over 30 RGS proteins that are divided into four subfamilies (R4, R7, 

R12, RZ), some of which have other functional domains that mediate protein-protein 

interactions, subcellular localization, target specificity, and protein stability [128, 129]. 

Only the R4 and R7 subfamilies will be discussed here, as their members are key players 

in Chapters 4 and 5. Members of the large R4 RGS subfamily contain only the RGS 

domain and small N- and C-terminal regions. These proteins are often anchored to the 

membrane by their N-terminal domains, which contain an amphipathic helix that can 

directly interact with phospholipids [130]. Nearly all R4 RGS proteins can bind and have 

GAP activity for all Gαq and Gαi/o isoforms [124, 131]. Notably, RGS4 belongs to this 

family. 

 The R7 RGS family has four members: RGS6, RGS7, RGS9, and RGS11. In 

addition to an RGS domain, these proteins contain a G protein Gamma-like (GGL) 

domain, a Disheveled, Egl-10, Pleckstrin (DEP) domain, and a DEP helical extension 

(DHEX) domain [132]. The GGL domain very specifically binds one Gβ isoform: Gβ5 

[133, 134]. The coiled-coil interaction between an R7 RGS protein and Gβ5 is integral to 

the protein stability of R7 RGS proteins [135]. Without Gβ5, these proteins undergo 

proteolytic degradation [136]. The DEP domain and DHEX domain form a single 

functional domain that allows R7 RGS proteins to interact R7BP (R7 family Binding 

Protein) [137]. R7BP is anchored to the plasma membrane and functions to stabilize and 

localize R7 RGS proteins to the plasma membrane through their interaction with the 

DEP/DHEX domain [138]. 
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RGS proteins and GIRK channels  

 Kinetics of GIRK activation and deactivation are much slower in reconstituted 

systems compared to that of physiological systems [139]. By expressing RGS proteins in 

reconstituted systems, activation and deactivation kinetics of GIRK channels are restored 

to rates comparable to those observed in physiological conditions. This has been 

demonstrated with several members of the R4 RGS family, including RGS4 [140-144]. 

There is some evidence of protein-protein interactions between RGS proteins and GIRK 

channels. GIRK1 and GIRK4 have been co-immunoprecipitated with RGS4 [145]. 

RGS7/Gβ5 can be co-immunoprecipitated by GIRK1, GIRK2 and GIRK3 [146].  

 

Pharmacology of GIRK channels  

 GIRK channels can be manipulated indirectly by compounds that target GPCRs 

and Gi/o proteins, but often other cellular components are also affected. In order to study 

GIRK channels in a more direct and meaningful way, direct channel manipulation by 

pharmacological compounds is highly desirable. While several compounds can directly 

act on GIRK channels, they unfortunately can act on several other types of potassium 

channels as well. At the beginning of this work (in 2009), the pharmacological landscape 

of GIRK channels was not nearly as developed as it is today in 2014. The work described 

in Chapter 3 focuses on the characterization of a new class of selective GIRK activators 

and inhibitors, specifically the prototype of this drug class: ML297. 
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Girk channel blockers  

Barium and cesium block inwardly-rectifying potassium channels, including 

GIRK channels, by physically occluding the pore [62]. At higher concentrations, barium 

is able to block other types of potassium channels; however at 0.1-0.3 mM it is relatively 

selective for inward-rectifying K
+
 channels [62, 147]. Early studies also revealed that 

quinidine and quinine can fully block GIRK channels [148-150]. Quinine, an anti-

malarial compound, also has anti-pyretic, analgesic, and anti-inflammatory effects [151]. 

Quinidine, a stereoisomer of quinine, is an anti-arrhythmic agent and its main mechanism 

of action is to block fast inward sodium current in the heart, prolonging QT intervals 

[152]. While these compounds block GIRK channels, their promiscuity for other ion 

channels makes them a poor tool for the study of GIRK channels. More recently, 

Tertiapin, a peptide toxin found in bee venom, was demonstrated to block certain Kir 

channels, including those that contain GIRK1/GIRK4, as well as certain types of Ca
2+

-

gated K
+
 channels [153-155]. The synthetic form, rTertiapin-q, blocks the channel pore 

through an interaction with the amino acid sequence connecting M1 and M2 [156]. 

rTertiapin-q has been used in many electrophysiology studies of GIRK channels [155, 

157, 158].  

 Small molecule GIRK channel antagonists with a level of specificity for GIRK 

channels have also been identified. Blood-brain barrier impenetrable drugs that 

selectively activate or inhibit GIRK1/GIRK4 heterotetramers (the cardiac IKACh channel) 

could represent efficacious therapies for certain types of cardiac arrhythmias. NIP-142 

blocks GIRK1/GIRK4 channels expressed in HEK cells, and blocks HERG channels at 

higher concentrations [159]. Two drugs that can inhibit GIRK1/GIRK4 heteromers 
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(NTC-801 and NIP-151) showed promise in preclinical studies in the treatment of atrial 

fibrillation [160, 161]. NIP-151 potently blocks GIRK1/GIRK4 current in reconstituted 

systems [160]. NTC-801 is a novel, potent, and selective GIRK1/GIRK4 blocker and 

less-potent GIRK1/GIRK2 blocker [161]. However, there is still a lack of GIRK1/GIRK4 

channel activators for the treatment of cardiac disorders. 

 

GIRK channel activators   

Compounds that can directly activate GIRK channels include alcohols, naringin, 

and certain volatile anesthetics [162-165]. Alcohols with up to a 4-carbon length chain 

activate GIRK1/GIRK2 heteromeric channels; however, those with longer carbon chains 

act to inhibit GIRK channels [166]. The residues that form the cytosolic alcohol binding 

pocket observed in IRK1 and GIRK2 are also conserved in GIRK1 [162, 163, 167]. 

Halothane, a prototypical anesthetic, activates basal GIRK activity, but was shown to 

block GPCR-agonist-induced currents [165]. Naringin selectively activates GIRK1-

containing channels and the structural determinants of this selectivity are GIRK1 residues 

Y148 and Y150. These residues are located within the extracellular naringin binding site, 

which overlaps with the rTertiapin-q binding site [164]. The downside of naringin is that, 

while selective, it lacks in potency [164].  

Recently, a new drug class that can selectively activate GIRK channels was 

identified in a high-throughput screen [168]. These compounds showed selectivity for 

GIRK1-containing channels [169]. The prototype for this new drug class, named ML297, 

is not only selective for GIRK1-containing channels, but discerns between 

GIRK1/GIRK2 and GIRK1/GIRK4 channels [169]. In collaboration with another group, 
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much of the work identifying structures of GIRK1 shown in Chapter 2 served as a 

platform for investigating the mechanism of ML297 GIRK1 selectivity discussed in 

Chapter 3.  

 

GIRK channels and disease 

 There are subunit-specific constitutive knockout mice that have been studied 

extensively and have subsequently demonstrated a wide array of phenotypes that suggest 

roles for GIRK channels in many physiological processes [57, 170]. Because of these 

knockout studies, GIRK channels are thought to play a role in several disorders, 

including anxiety, neuropathic pain, epilepsy, addiction, obesity, and arrhythmias [170]. 

Furthermore, GIRK polymorphisms identified in the human population have been linked 

to disease states. There is a human polymorphism in GIRK2 that is associated with 

increased dosing requirements for opioid anti-nociception and another that is associated 

with ethanol intake and stress [171-173]. The human GIRK2 gene is located on 

chromosome 21 and is up-regulated by the trisomy of chromosome 21 that causes 

Down’s syndrome [174, 175]. Surprisingly, there was a significant decrease in contextual 

recall found in rodent models of a triploid GIRK2 mutation [176]. Recently, a human 

polymorphism in GIRK1 was shown to be genetically linked with schizophrenia [177]. In 

this study, lower GIRK1 expression levels were observed in post-mortem brains from 

schizophrenic and bipolar individuals, suggesting that altered GIRK1 expression is linked 

to schizophrenia and bipolar disorders. There are multiple mutations in the human GIRK1 

and GIRK4 genes that are associated with long QT syndrome and atrial fibrillation [178-

180]. Furthermore, identified mutations of GIRK4 were found to be associated with 
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hyperaldosteronism and hypertension [181, 182]. Taken together, GIRK channels are an 

important target for therapeutic intervention in a number of disorders associated with the 

brain and the heart.  

 

Neuronal and Cardiac GIRK signaling  

Inhibitory G protein signaling cascades through GIRK channels offer a great deal 

of diversity and complexity. GIRK channels interact with the 5 isoforms of Gi/o proteins 

which in turn interact with many different GPCRs. GIRK channels have been 

demonstrated to be downstream effectors for many GPCRs, including adenosine, 

serotonin, dopamine, opioid, glutamate, adrenergic, GABAergic, and muscarinic 

receptors [57]. Two well-studied signaling cascades are used in this work to study 

intrinsic and extrinsic factors that impact GIRK signaling: the neuronal GABABR-GIRK 

cascade and the cardiac M2R-IKACh cascade.  

 

Neuronal GABABR-GIRK  

 GABA, or γ-aminobutyric acid, is the main inhibitory neurotransmitter in the 

nervous system, and it acts on two different receptors: GABAA and GABAB. The 

GABAA receptor is a chloride ion channel and the GABAB receptor is a GPCR coupled 

to inhibitory Gi/o proteins [183, 184]. The GABAB receptor is a functional heterodimer of 

GABABR1 and GABABR2 subunits [185-188]. Both subunits have the seven 

transmembrane domain structure characteristic to GPCRs. GABABR1 contains the N-

terminal ligand-binding domain and a C-terminal α-helix that contains an ER retention 

motif [189, 190]. GABABR2 contains the Gi/o protein interaction site in its intracellular 
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loops, and also a C-terminal α-helix that forms a coiled-coil interaction with the 

GABABR1 C-terminal helix [188, 191, 192]. GABABR2 is responsible for membrane 

trafficking and G protein interaction, while GABABR1 is responsible for ligand binding, 

together making a functional receptor [190, 193]. 

 GIRK channels are known to act as downstream effectors of GABABRs in 

numerous brain regions, including the hippocampus, cerebellum, VTA and substantia 

nigra, thalamus, locus coeruleus and prefrontal cortex [83, 87, 194-198]. The first 

evidence of GIRK channels being downstream effectors of the GABABR was identified 

by electrophysiology in hippocampal slices in 1997 [52]. GIRK and GABABR are known 

to co-localize sub-cellularly within neurons, and evidence suggests that GABAB receptors 

and GIRK channels are localized in close proximity at the membrane, and in fact may be 

physically coupled either directly or indirectly through scaffolding proteins [195, 199-

201].  

 

Cardiac M2R-IKACh  

 Acetylcholine (ACh) functions within the peripheral and central nervous systems, 

through several cholinergic receptor subtypes. Nicotinic receptors are ion channels 

permeable to Na
+
, K

+
 and to a lesser extent Ca

2+
. On the other hand, muscarinic receptors 

are GPCRs that couple to both excitatory Gq proteins (M1, M3, and M5), and inhibitory 

Gi/o proteins (M2 and M4) [202, 203]. The M2 receptor is often referred to as the atrial 

muscarinic receptor as it plays a key role in the parasympathetic regulation of heart rate 

[51, 204].  Ligand binding at this receptor promotes activation of a tetrameric K
+ 

channel 
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formed by GIRK1 and GIRK4 subunits, also known as IKACh [69], which hyperpolarizes 

the cell, decreases excitability and ultimately reduces heart rate [205, 206]. 

 Temporal regulation of M2R-IKACh signaling is thought to be important to cardiac 

pacing, as vagal control of heart rate occurs rapidly [207]. The kinetics of the endogenous 

atrial M2R-IKACh signaling pathway are fast compared to those measured when the 

signaling pathway was reconstituted in CHO cells [140]. Interestingly, by co-expressing 

an RGS protein (RGS4) with M2R and IKACh in CHO cells, the kinetic profile was 

restored to that observed in atrial myocytes [140].   

 

III. SUMMARY 

The last five years have yielded novel structural and pharmacological insights into 

GIRK channels and their regulation, some of which have been enriched by the work 

described in this dissertation. The work discussed in Chapters 2 and 3 studies the 

structural elements in GIRK1 within the context of the GABABR-GIRK cascade in either 

transfected cells or in cultured hippocampal neurons. Chapter 2 is focused on the 

mechanism behind the robust channel activity of GIRK1 containing channels and 

identifying key structural determinants within GIRK1 responsible for it. Chapter 3 is 

focused on identifying the structural determinants of GIRK1 responsible for the 

selectivity of ML297 for GIRK1 containing channels. Furthermore, Chapter 3 focuses on 

the mechanism of ML297 activation of GIRK channels, the efficacy of the drug in 

cultured hippocampal neurons, and the anxiolytic properties of ML297 when 

administered in a rodent model.  
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The work in Chapters 4 and 5 is dedicated to characterizing the RGS proteins 

involved in the modulation of IKACh, and their subsequent effect on the parasympathetic 

regulation of heart rate. The work in Chapter 4 was done right as another study on the 

same topic was published. In 2008, it was demonstrated that RGS4 was expressed in the 

mouse sinoatrial node, that genetic disruption of RGS4 slowed down the deactivation 

kinetics associated with IKACh, and that it enhanced M2R-agonist induced bradycardia 

[89]. Chapter 4 offers up another RGS protein that regulates the kinetics of IKACh: RGS6. 

Subsequent work described in Chapter 5 addresses how both RGS4 and RGS6 work to 

alter the kinetics of M2R-IKACh signaling in the mouse sinoatrial node and the resultant 

effects on the parasympathetic regulation of heart rate.  
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Structural elements in the GIRK1 subunit that potentiate G protein-

gated potassium channel activity 
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Introduction 

Many neurotransmitters inhibit neurons by activating receptors linked to 

heterotrimeric GTP binding proteins (G proteins). A prototypical effector in such 

signaling pathways is the G protein-gated inwardly-rectifying K
+
 (GIRK/KIR3) channel 

(reviewed in [57]). GIRK channels are tetramers, with each subunit possessing 

intracellular amino (N)- and carboxyl (C)-termini and a core domain containing two 

transmembrane segments, two short extracellular loops, and a hydrophobic domain (P-

loop) that contributes to the pore and K
+
 selectivity filter. Four mammalian Girk genes 

have been identified (Girk1-4). The classical mode of GIRK channel activation involves 

the direct binding of G subunits, which stabilizes a low-affinity interaction between the 

channel and phosphatidylinositol 4,5-bisphosphate (PIP2). 

GIRK2 plays a key role in neuronal GIRK channel formation (e.g., [52]). 

Overlapping expression patterns and the impact of Girk2 ablation on Girk1 expression, 

however, argue that most neuronal GIRK channels contain both GIRK1 and GIRK2 [50, 

208]. In support of this contention, Girk1 ablation yields a near-complete loss of GIRK-

dependent signaling in neurons that express GIRK1 (e.g., [82]). These findings are 

surprising because GIRK2 forms functional homomers in expression systems that exhibit 

G protein-dependent gating, K
+
 selectivity, and inward rectification [73]. Moreover, 

GIRK2 homomers have been identified in midbrain dopamine neurons [88]. 

Nevertheless, work in expression systems has shown clearly that GIRK1 potentiates 

receptor-dependent and receptor-independent currents when co-expressed with GIRK2 or 

GIRK4 [66, 69, 73, 209].  
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Many studies have provided insight into the structural basis of channel regulation 

by G proteins, PIP2, and Na
+
, as well as channel gating mechanisms [57]. Most of the 

relevant structural elements, however, are well-conserved across GIRK subunits and thus 

cannot explain how GIRK1 potentiates GIRK signaling. Here, we sought new insights 

into the structural elements unique to GIRK1 that potentiate GIRK channel activity, using 

mutagenesis approaches exploiting insights from previous biochemical and 

crystallography studies. 

 

Materials and Methods  

 

Animals—Studies adhered to the National Institutes of Health Guide for the Care 

and Use of Laboratory Animals, and were granted approval by the Institutional Animal 

Care and Use Committee. The generation of Girk1
–/–

 mice was described previously 

[210]. 

Molecular biology—pcDNA3-based expression constructs containing rat GIRK1 

(GIRK1-AU5) and mouse GIRK2a (GIRK2-myc) coding sequences served as parent 

constructs. GIRK1 C-terminal deletion constructs were generated by polymerase chain 

reaction (PCR). GIRK1/GIRK2 chimeras were generated by overlap extension PCR. 

Point mutations were introduced using the Quickchange II XL kit (Agilent 

Technologies). All constructs were validated by DNA sequencing. Expression constructs 

for human Gβ1 (FLAG-Gβ1) and G2 (HA-Gγ2) were purchased from the Missouri S&T 

cDNA Resource Center.  

Cell culture and biochemistry—For biochemical assays, HEK293FT cells 

(Invitrogen
TM 

/Life Technologies) were transfected using the calcium phosphate 
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technique and collected for analysis 36-54 h later. For electrophysiological studies, 

HEK293 cells (ATCC) were transfected with Lipofectamine
TM

 LTX reagent 

(Invitrogen
TM

/Life Technologies); experiments were conducted 18-36 h later. Some cells 

were treated with pertussis toxin (Tocris Bioscience) for 12-18 h prior to 

electrophysiological characterization. Primary cultures of hippocampal neurons were 

prepared as described [146]. For quantitative reverse transcriptase PCR (qRT-PCR) and 

biotinylation studies, neurons were plated onto 3-cm petri dishes and kept in culture for 

10-12 days prior to experimentation. qRT-PCR conditions for GABABR1 and Girk2 were 

described previously [211]. 

Immunoblotting and HEK cell biotinylation experiments were performed as 

described [212]. Blots were probed with primary antibodies targeting c-myc 

(11667149001, 1:500; Hoffmann-La Roche), β-actin (ab6276, 1:10,000; Abcam), AU5 

(A190-227A, 1:1,000; Bethyl Laboratories), or GIRK2 (APC-006, 1:200; Alomone 

Labs), and either donkey anti-mouse (926-32212, 1:7,000; LI-COR Biosciences) or anti-

rabbit (926-68072, 1:7,000; LI-COR) secondary antibodies. Blots were developed and 

band intensities quantified using the Odyssey® Infrared imaging system (LI-COR). 

Electrophysiology—Conditions for measuring baclofen-induced whole-cell GIRK 

currents were described previously [146].  Receptor-independent (basal) GIRK current 

was determined by measuring the decrease in holding current in the high-K
+
 bath solution 

evoked by 0.3 mM Ba
2+

.  Measured and command potentials were not corrected for 

liquid junction potential. An Axopatch 200B patch clamp amplifier (Molecular Devices) 

was used for measurement of cell-attached, single-channel activity. Borosilicate patch 

pipettes (4-6 MΩ) were filled with (in mM): 150 KCl, 1 MgCl2, 5 EGTA/KOH, 5 
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HEPES/KOH, and 0.1 baclofen (pH 7.4). To zero the cell membrane potential, baclofen-

induced single channel activity was measured in a high-K
+
 (150 mM) bath solution (in 

mM): 150 KCl, 1.8 CaCl2, 0.5 MgCl2, 5.5 D-glucose, 5 HEPES/KOH (pH 7.4). Effective 

zeroing of the membrane potential using this approach was validated by measuring the 

reversal potential of the high-conductance, weakly-rectifying Trek1 K
+
 channel. 

Immediately after gigaseal formation, membrane potential was clamped at -75 mV, 

recordings were low-pass filtered at 2 kHz, sampled at 10 kHz, and stored on hard disk 

for analysis using pCLAMP v. 9.0 software. Analysis of single-channel conductance and 

mean open time was performed on 5-15 s recordings taken within the 30-s timeframe 

immediately following seal formation. 

Data analysis—Data are presented throughout as the mean±SEM. Statistical 

analyses were performed with Prism 5 (GraphPad Software). Group comparisons were 

typically made using Student’s t-test or one-way ANOVA followed by Tukey’s HSD post 

hoc test when appropriate. Open-state dwell-time data were analyzed using the 

Kolmogorov-Smirnoff test, while single channel amplitude data were analyzed with the 

Kruskal Wallis test, with pairwise comparisons made using Dunn’s Multiple Comparison 

test.  In all analyses, the level of significance was set at P<0.05. 

 

Results 

GIRK1-dependent potentiation of GABABR-GIRK signaling 

  HEK cells expressing the GABAB receptor (GABABR) subunits GABABR1 and 

GABABR2, along with epitope-tagged GIRK1 and GIRK2, exhibited large currents in 

response to a saturating concentration of the GABABR agonist baclofen, as well as 
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receptor-independent or basal (Ba
2+

-sensitive) whole-cell currents (Fig. 2.1A,B). In 

contrast, currents in cells expressing GABABR and GIRK2 were small. Consistent with 

previous observations [199, 213], pre-treatment of cells expressing the GIRK1/GIRK2 

heteromer with pertussis toxin, which uncouples Gi/o G proteins from activated receptors, 

eliminated the baclofen-induced but not basal current (Fig. 2.1B). Thus, GIRK1 

potentiates GIRK currents in both receptor-dependent and receptor-independent manners. 

GIRK2 levels at the cell surface measured using a biotinylation approach were not 

significantly different with or without GIRK1 present (Fig. 2.1C,D). Moreover, the ratio 

of surface-to-total GIRK2 protein was unaltered, indicating that GIRK1 does not impact 

the surface trafficking of GIRK2-containing channels. 

  We also examined the impact of Girk1 ablation on GABABR-GIRK signaling in 

mouse hippocampal cultures. Girk1 ablation yielded a dramatic reduction (~80%) in 

baclofen-induced currents in large pyramidal-shaped neurons (Fig. 2.2A). Interestingly, 

the small residual currents in neurons from Girk1
–/–

 mice correlated with a significant 

increase in GABABR1 and Girk2 expression (Fig. 2.2B). There was no difference, 

however, in total or surface GIRK2 protein levels in cultures from wild-type and Girk1
–/–

 

mice (Fig. 2.2C). Collectively, these data indicate that the potentiating effect of GIRK1 

on GIRK currents in heterologous and native systems is not due to increased protein 

levels or surface targeting of GIRK2. 
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Figure 2.1. The potentiating influence of GIRK1. A) Baclofen-induced and basal 

(Ba
2+

-sensitive) currents, measured in a high-K
+
 bath solution (25 mM) at a holding 

potential of -70 mV, in cells expressing GABABR and either GIRK1/GIRK2 or GIRK2 

alone. Bars denote the duration of baclofen (100 M) and Ba
2+

 (0.3 mM) applications. B) 

Summary of currents measured in cells expressing GIRK2 and GABABR, along with the 

subunit depicted on the left (n=15-61/group). GIRK2 homomeric currents were measured 

in cells transfected with double (2x) the amount of GIRK2 used in cells transfected with 

GIRK1 and GIRK2. A subset of cells expressing GIRK1/GIRK2 was pre-treated (24 h) 

with pertussis toxin (PTX, 0.1 ng/ml). A significant impact of group was observed for 

basal (F2,94=9.5, P<0.001) and baclofen-induced (F2,98=61.1, P<0.001) currents. Symbols: 

*** P<0.001, respectively, vs. GIRK1/GIRK2. C) Blot from a biotinylation experiment 

probing total and surface GIRK2 protein levels in cells transfected with GIRK1 and 

GIRK2 (GIRK1/2), GIRK2 alone (1x), and GIRK2 alone at twice the concentration (2x). 

D) Quantification of biotinylation data (n=3 separate experiments). No significant 

differences were detected between groups. 
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Figure 2.2. GIRK1-dependent potentiation of GABABR-GIRK currents in 

hippocampal neurons.  A) Representative currents induced by baclofen (100 M) in 

hippocampal neurons from wild-type (7.3±1.0 pA/pF, n=8) and Girk1
–/–

 (1.6±0.3 pA/pF, 

n=10; P<0.001) mice.  B) qRT-PCR analysis of GABABR1 and Girk2 expression in 

hippocampal cultures from wild-type and Girk1
–/–

 mice (n=3 separate cultures).  

Symbols: *,*** P<0.05 and 0.001 vs. wild-type.  C) Total and surface GIRK2 protein in 

hippocampal cultures from wild-type and Girk1
–/–

 mice (n=3 separate cultures). 
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Influence of the distal C-terminus 

Multiple intracellular domains have been implicated in the binding of G to 

GIRK subunits [57]. These elements are highly-conserved across GIRK subunits, 

however, and thus cannot explain the potentiating influence of GIRK1. While the unique 

distal C-terminal GIRK1 domain between residues 390-462 does not bind G directly, it 

has been shown to enhance the binding of the GIRK1 C-terminus to G [214]. As such, 

we used a targeted deletion strategy to probe the functional relevance of this and 

surrounding domains (Fig. 2.3). The deletion mutants were expressed at levels 

comparable to GIRK1 (Fig. 2.4A,B), and the protein levels and surface trafficking of 

GIRK2 was comparable in cells expressing GIRK1 or deletions (Fig. 2.4C-E).  

Basal and baclofen-induced currents were measured in cells transfected with 

GIRK1 deletion constructs, GIRK2, and GABABR (Fig. 2.3A). The first construct tested 

(GIRK1462) revealed that the last 39 amino acids of GIRK1 are not required for normal 

basal or GABABR-dependent GIRK currents. Basal current for GIRK1409/GIRK2 and 

GIRK1406/GIRK2 heteromers was, however, significantly lower than those measured 

for GIRK1/GIRK2, while GABABR-dependent GIRK currents were preserved. Further 

deletion (GIRK1399) correlated with a significant decrease in baclofen-induced GIRK 

currents. Thus, structures between residues 409 and 462 uniquely support robust basal 

activity, while residues 399-406 are important for robust GABABR-dependent GIRK 

currents. 

A sharp distinction in baclofen-induced currents was observed for 

GIRK1406/GIRK2 and GIRK1403/GIRK2 heteromers. Mutation of the pertinent 
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residues individually to alanine (Q404A, K405A, I406A), in the context of the 

GIRK1406 backbone, identified Q404 as a possible determinant of robust receptor-

induced current (Fig. 2.3B,C). Basal current observed with the GIRK1(Q404A) mutation 

was smaller than GIRK1406, though this difference was not statistically significant.  

 We next engineered the Q404A mutation into full-length GIRK1. While basal 

activity was not different in cells expressing GABABR, GIRK2, and either GIRK1 or 

GIRK1(Q404A), baclofen-induced currents were ~30% lower in cells expressing 

GIRK1(Q404A) (Fig. 2.5A). This difference was not related to reduced expression of 

GIRK1(Q404A) (Fig. 2.6A,B), or to a negative influence of GIRK1(Q404A) on the 

protein level or surface trafficking of GIRK2 (Fig. 2.6C,D). The EC50 for baclofen 

activation of GIRK1(Q404A)/GIRK2 heteromers (0.76 M; 0.52-1.11 M, 95% CI), 

measured by sequential application of increasing baclofen concentrations (0.01-300 M), 

was slightly but significantly greater (F1,42=4.3; P<0.05) than that measured for 

GIRK1/GIRK2 (0.47 M; 0.36-0.61 M, 95% CI). When co-expressed with GIRK2 and 

G (G1 and G2), GIRK1 and GIRK1(Q404A) supported robust and indistinguishable 

Ba
2+

-sensitive currents (Fig. 2.5B,C). Collectively, these data are consistent with a role 

for Q404 in enhancing the channel-G interaction. 
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Figure 2.3. Impact of the GIRK1 distal C-terminus. A) Basal and baclofen-induced 

currents in cells expressing GABABR, GIRK2, and the subunit depicted on the left 

(n=12-61/group). A significant impact of group was observed for basal (F5,137=8.4, 

P<0.001) and baclofen-induced (F5,141=6.7, P<0.001) currents. Symbols: *,*** P<0.05 

and 0.001, respectively, vs. GIRK1/GIRK2; 
##

 P<0.01 vs. GIRK1406/GIRK2. GIRK2 

homomeric basal and baclofen-induced currents are shown for comparison, but were not 

included in the analysis. B) Immunoblot of I406A, K405A, and Q404A point mutants, 

generated on the GIRK1406 backbone. C) Basal and baclofen-induced currents in cells 

expressing GABABR, GIRK2, and the construct depicted on the left (n=8-18/group). A 

significant impact of group was observed for baclofen-induced (F3,42=3.0, P<0.05) but 

not basal (F3,41=2.6, P=0.06) current. Symbols: * P<0.05 vs. GIRK1406/GIRK2. 
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Figure 2.4. Characterization of GIRK1 C-terminal deletion constructs.  A) 
Expression levels of AU5-tagged GIRK1 and GIRK1 deletion mutants were assessed by 

immunoblotting. B) The summed intensity of core and core-glycosylated forms of 

GIRK1 (doublet) was normalized to -actin (lower blot). All mutants expressed at or 

slightly above the level of GIRK1 (F6,20=1.4, P=0.3; n=3 separate transfections). C,D) 

Representative blots from a biotinylation experiment measuring total and surface myc-

tagged GIRK2 protein level in cells transfected with GIRK2 and either GIRK1 or GIRK1 

deletion mutant. E) Quantification of biotinylation data. No significant impact of group 

was found for total (F6,27=0.3, P=0.95) or surface (F6,27=2.3, P=0.1) GIRK2 protein (n=4 

separate experiments). 
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Figure 2.5. Impact of Q404. A) Basal and baclofen-induced currents in cells expressing 

GABABR, GIRK2, and the depicted construct (n=19-20/group). A significant difference 

between groups was observed for baclofen-induced (t37=2.8, P<0.01) but not basal 

(t35=0.2, P=0.9) current. Symbols: **P<0.01 vs. GIRK1. B) Ba
2+

-sensitive currents 

measured in high-K
+
 bath solution in cells expressing Gβ1γ2 and either GIRK1/GIRK2 

or GIRK1(Q404A)/GIRK2 (Vhold = -70 mV). Bars denote the duration of Ba
2+

 (0.3 mM) 

application. C) Summary of Ba
2+

-sensitive currents in cells transfected with Gβ1γ2 and 

empty vector (G only), GIRK1/GIRK2, or GIRK1(Q404A)/GIRK2. A significant 

impact of group was observed (F2,29=4.6, P<0.05). Symbols: * P<0.05, respectively, vs. 

GIRK1. 
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Figure 2.6. Characterization of GIRK1(Q404A) mutant. A,B) Expression of AU5-

tagged GIRK1 and GIRK1(Q404A) was assessed by quantitative immunoblotting, with 

the summed intensity of core and core-glycosylated forms of GIRK1 normalized to -

actin. Levels of GIRK1(Q404A) were not different from GIRK1 (t6=0.6, P=0.6; n=3). C) 

Blot from a biotinylation experiment measuring total and surface GIRK2 protein levels in 

cells transfected with GIRK1/GIRK2 or GIRK1(Q404A)/GIRK2. D) Quantification of 

biotinylation data. No differences were observed for total (t4=0.5, P=0.7) or surface 

(t4=0.4, P=0.7) GIRK2 protein levels (n=5). 
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Impact of the GIRK1 core 

  Baclofen-induced currents observed for GIRK1399/GIRK2 were significantly 

larger than those carried by GIRK2 homomers (t34=5.6, P<0.001), arguing that structures 

between residues 1-399 also contribute to the GIRK1-dependent potentiation of GIRK 

channel activity. Unfortunately, GIRK1 expression levels declined with more aggressive 

deletions (not shown). As such, we generated 3 chimeras incorporating N-terminal 

(GIRK1 residues 1-85), core (GIRK1 residues 86-180), or C-terminal (GIRK1 residues 

181-501) domains from GIRK1 within a GIRK2 backbone, and expressed them with 

GIRK2 and GABABR (Fig. 2.7). All three chimeras (NT, TM, CT) were expressed at 

higher levels than GIRK1 (Fig. 2.8A), but none significantly altered the surface 

trafficking of GIRK2 (Fig. 2.8B). Only the GIRK1 core domain (TM) conferred a partial 

but significant potentiation of basal and baclofen-induced currents (Fig. 2.7A).  

Single channel conductance and mean open time values are larger for GIRK1-

containing channels than GIRK1-lacking counterparts [69, 112]. Enhancement of these 

unitary properties should increase basal and receptor-induced whole-cell GIRK currents. 

Thus, we next measured single channel conductance and mean open times of baclofen-

activated GIRK channels in cells expressing GIRK1/GIRK2, GIRK2 alone, or 

TM/GIRK2. In cells expressing GIRK1 and GIRK2, most channel openings were 

reasonably well-resolved (Fig. 2.7B), exhibiting a prominent single-channel conductance 

of 35 pS (Table 2.1, Fig. 2.8C). The open-state dwell time data for GIRK1/GIRK2 

heteromers was modeled best with two terms (0.4 and 2.2 ms; Table 2.1, Fig. 2.8D). In 

cells expressing GIRK2 homomers, events were less well-resolved; analysis revealed a 

single channel conductance of 11 pS and a mean open time of 0.3 ms. Channels observed 
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in cells expressing TM and GIRK2 exhibited an intermediate conductance (21 pS) and 

mean open times (0.4 and 1.7 ms), values significantly different from those of both 

GIRK1/GIRK2 heteromers and GIRK2 homomers (Table 2.1). These data suggest that 

larger whole-cell currents seen in cells expressing TM/GIRK2 as compared to GIRK2 

homomers can be attributed, at least in part, to an enhancement of single-channel 

conductance and mean open time.  

  A second set of chimeras with overlapping GIRK1 content was generated to better 

resolve potentiating elements within the 95-residue domain (Fig. 2.9). The 3 chimeras 

(M1-P, P, P-M2) were expressed at levels comparable to the TM chimera (Fig. 2.10A,B). 

Single channel conductance and open times were significantly lower for all 3 chimeras 

relative to TM, but significantly greater than those for GIRK2 homomers (Table 2.1). All 

3 chimeras supported basal currents comparable to those measured for the TM chimera 

(Fig. 2.9B), implicating the GIRK1 P-loop as a key potentiating influence on basal 

channel activity. Interestingly, baclofen-induced currents supported by the M1-P and P 

(but not P-M2) chimeras were significantly larger than those measured for the TM 

chimera, indicating that the GIRK1 P-loop also enhances GABABR-GIRK current, and 

that this influence is tempered by structural content between GIRK1 residues 150 and 

180.  

  Six residues differ between GIRK1 and GIRK2 within this region, and all are 

found within the M2 domain (Fig. 2.9A). To identify the structural basis for the 

inhibitory influence of the M2 domain, we introduced GIRK1-specific residues into the 

M2 domain of the P chimera, focusing on three substitutions predicted to exert the most 

significant structural impact (L173F, I175F, N184D). While cells expressing GABABR, 
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GIRK2, and either P(I175F) or P(N184D) exhibited basal and baclofen-induced currents 

comparable to or greater than cells expressing the TM chimera, currents supported by the 

P(L173F) mutant were indistinguishable from those seen in cells expressing TM. 

Moreover, baclofen-induced currents in cells expressing P(L173F) were significantly 

lower than currents measured in cells expressing the P chimera (Fig. 2.9C). The single 

channel conductance (but not mean open time) measured in cells co-expressing GIRK2 

and P(L173F) was also significantly lower than that measured for the P chimera (Table 

2.1). Collectively, these data suggest that residue F162 in the GIRK1 M2 domain is a 

selective inhibitory influence on the receptor-dependent gating of heteromeric GIRK 

channels. 

Only four residues differ between GIRK1 and GIRK2 within the P-loop (Fig. 

2.11A). To determine which residue(s) confer potentiation of basal and baclofen-induced 

currents, we generated GIRK2 point mutants containing one or more GIRK1 residues at 

the analogous positions. No enhancement of basal activity was observed when the single 

mutants were co-expressed with GIRK2 (Fig. 2.11C). GIRK2(S148F) did tend to support 

larger baclofen-induced currents, despite the fact that total protein levels for this mutant 

were significantly lower than GIRK2 (Fig. 2.12). Mean open-time for channels in cells 

expressing GIRK2(S148F) and GIRK2, however, was significantly longer than that of a 

GIRK2 homomer, suggesting that the mutant was expressed and available to influence 

the unitary properties of the expressed channel.  

We next evaluated the GIRK2(S148F/T153A) double mutant, or FA mutant, 

reasoning that this dual substitution would promote a redistribution of intra-subunit 

interactions. T153 in GIRK2 is located at the junction between the K
+
 selectivity filter 
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and pore helix (Fig. 2.11B), and it participates in an intra-subunit interaction with W106. 

Introduction of the GIRK1-specific alanine at this position should preclude this 

interaction and foster an intra-subunit interaction between W106 and the GIRK1-specific 

phenylalanine incorporated at position 148. Total expression levels of the FA mutant 

were, like GIRK2(S148F), significantly lower than GIRK2 (Fig. 2.12). Basal activity and 

unitary channel properties measured in cells expressing FA and GIRK2 was comparable 

to those seen in cells expressing GIRK2(S148F), and while baclofen-induced currents 

were larger than those measured in cells expressing GIRK2(S148F), the difference was 

not significant (Fig. 2.11C).  

V142P and V161Y substitutions were next introduced independently to the FA 

mutant to generate PFA and FAY triple mutants. Introduction of the proline at position 

142 should cause a premature termination of the pore helix, while the V161Y substitution 

should strengthen inter-subunit interactions by promoting aromatic stacking with Y159 

(conserved in all GIRK subunits) in the adjacent GIRK subunit (Fig. 2.11B). PFA protein 

levels were low in whole-cell extracts from transfected cells (Fig. 2.12), and PFA/GIRK2 

co-expression yielded basal and baclofen-induced responses comparable to those of 

GIRK2 homomers. In contrast, total protein levels for FAY were notably higher than 

those of the PFA, FA, and S148F mutants (Fig. 2.12), and FAY/GIRK2 co-expression 

recapitulated the enhanced basal and baclofen-induced currents seen with the P chimera 

(referred to as PFAY in Fig. 2.11C).  

Importantly, reversal potentials for the baclofen-induced currents measured in the 

high-K
+
 recording solution were similar (F2,16=2.6, P=0.1) for cells expressing 

GIRK1/GIRK2 (-42±1 mV, n=5), P/GIRK2 (-33±5 mV, n=5), and FAY/GIRK2 (-36±1 
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mV, n=7), and were close to the K
+
 equilibrium potential (-43 mV). Thus, the 

potentiation of basal and baclofen-induced currents observed with P chimera and FAY 

mutant was not attributable to marked alterations in channel selectivity. Moreover, 

channels measured in cells expressing GIRK2 and FAY or P chimera exhibited 

significantly longer mean open times and slightly larger single-channel conductances 

than GIRK2 homomers, arguing that the potentiating influence of these P-loop residues 

on basal and baclofen-induced currents is mediated, at least in part, by an enhancement of 

unitary channel properties. 
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Figure 2.7. Impact of the GIRK1 core. A) Basal and baclofen-induced currents in cells 

expressing GABABR, GIRK2, and the depicted construct (n=10-34/group). A significant 

impact of group was observed for basal (F5,105=10.3, P<0.001) and baclofen-induced 

(F5,110=10.9, P<0.001) currents. Symbols: *,*** P<0.05 and 0.001, respectively, vs. 

GIRK2 homomer; 
### 

P<0.001 vs. GIRK1/GIRK2. B) Representative segments (300 ms) 

of cell-attached recordings (Vhold = -75 mV), measured with 100 M baclofen in the 

high-K
+
 (150 mM) pipette solution, from cells expressing GABABR, GIRK2, and either 

GIRK1 (top), TM chimera (middle), or GIRK2 (bottom). A patch with higher activity 

(and at least 2 channels) is shown for TM to emphasize the profile overlap with 

GIRK1/GIRK2 heteromers and GIRK2 homomers. 
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Figure 2.8. Characterization of GIRK1/GIRK2 NT, TM, and CT chimeras. A) 
Summary of expression of AU5-tagged GIRK1 and GIRK1 chimeras, as assessed by 

quantitative immunoblotting (n=3 separate transfections). A significant impact of group 

was observed (F3,15=4.5, P<0.05). Symbols: * P<0.05 vs. GIRK1. B) Ratio of surface-to-

total GIRK2 protein measured in cells transfected with GIRK2 and either GIRK1 or 

chimera (n=3 separate transfections); no significant impact of group was observed 

(F3,11=0.3, P=0.8). C,D) Amplitude and open-state dwell time histograms for channels 

observed in cells expressing GABABR, GIRK2, and either GIRK1, GIRK2, or TM 

chimera. Single channel conductance and mean open times were extracted from Gaussian 

or log exponential fits, respectively, of these data, and are summarized in Table 2.1. 
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Figure 2.9. Impact of the GIRK1 P-loop and M2 domain.  A) Sequence alignment of 

GIRK1 and GIRK2 core domains, with key structural elements highlighted. The 

arrowheads denote 3 residues tested for their influence on the M2-dependent inhibition of 

baclofen-induced currents. B) Basal and baclofen-induced currents in cells expressing 

GABABR, GIRK2, and the depicted chimera (n=12-22 per group). A significant impact 

of group was observed for baclofen-induced (F3,54=7.6, P<0.001) but not basal (F3,55=1.0, 

P=0.4) current. Symbols: **,*** P<0.01 and 0.001, respectively, vs. TM. Basal and 

baclofen-induced currents for GIRK1/GIRK2 are presented for comparison, but were not 

included in the statistical analysis. C) Basal and baclofen-induced currents in cells 

expressing GABABR, GIRK2, and the depicted construct (n=7-22/group). A significant 

impact of group was observed for baclofen-induced (F4,55=15.6, P<0.001) and basal 

(F4,54=9.8, P<0.001) currents. Symbols: *,** P<0.05 and P<0.01, respectively, vs. TM; 
#
 

P<0.05 vs. P. 
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Figure 2.10. Characterization of GIRK1 core chimeras. A,B) Quantitative 

immunoblotting of the AU5-tagged GIRK1 core chimeras TM, M1-P, P, and P-M2. The 

intensity of TM and mutant bands was normalized to -actin (lower blot). No significant 

impact of group was observed (F3,11=3.4, P=0.07; n=3 separate transfections). C) 

Modeling of the GIRK2 homomer (PBD 3SYQ) in the open conformation, with one 

subunit (facing the viewer) removed for clarity. The three remaining subunits are 

displayed in different colors: light, medium, and dark gray. The model highlights residues 

L173 in the M2 (inner helix) domain of the dark gray subunit and I155 in the selectivity 

filter of the adjacent (medium gray) subunit. 
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Figure 2.11. Impact of GIRK1 P-loop residues. A) Alignment of GIRK1 and GIRK2 

P-loop domains. The arrowheads denote the four amino acid differences between GIRK1 

and GIRK2 in this domain. B) Modeling of the GIRK2 homomer (PBD 3SYQ) in the 

open conformation, with one subunit (facing the viewer) removed for clarity. The three 

remaining subunits are displayed in different colors: light, medium, and dark gray. The 

right inset shows detailed structures within the pore, with the M2 domain (inner helix) of 

the dark gray subunit removed for clarity. C) Basal and baclofen-induced currents in cells 

expressing GABABR, GIRK2, and the depicted construct (n=6-17/group). A significant 

impact of group was observed for basal (F8,83=9.8, P<0.001) and baclofen-induced 

(F8,81=14.1; P<0.001) currents. Symbols: *** P<0.001 vs. GIRK2 homomer; 
##,### 

P<0.01 and P<0.001, respectively, vs. GIRK1/GIRK2 heteromer (only select 

comparisons shown). 
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Figure 2.12. Characterization of GIRK2 P-loop point mutants. A) Expression of myc-

tagged GIRK2 and P-loop mutants (upper blot), as assessed by quantitative 

immunoblotting (n=3 separate transfections). B) The intensity of GIRK2 and mutants 

was normalized to -actin (lower blot in A). A significant impact of group was observed 

(F7,23=11.9, P<0.001).  Symbols: * P<0.05 vs. GIRK2.  
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Subunit Conductance (pS) Open time (ms) 

GIRK1 35 ± 1 0.4 ± 0.5 (54%) 

22 ± 2 2.2 ± 0.4 (46%) 

TM 21 ± 1*
,†
 0.4 ± 0.5 (49%)*

,†
 

1.7 ± 0.3 (51%) 

M1-P 18 ± 1*
,†,‡

 0.2 ± 0.5 (56%)*
,†,‡

 

1.2 ± 0.3 (44%) 

P 17 ± 1*
,†,‡

 0.5 ± 0.3 (64%)*
,†,‡

 

2.4 ± 0.5 (36%) 

P-M2 17 ± 1*
,†,‡

 1.1 ± 0.1*
,†,‡,§

 

P(L173F) 13 ± 1*
,‡,§

 0.9 ± 0.1*
,†,‡

 

FAY 16 ± 1*
,†,‡

 0.2 ± 0.4 (60%)*
,†,‡

 

1.5 ± 0.3 (40%) 

FA 13 ± 1*
,‡,§

 0.7 ± 0.2*
,†,‡,§

 

S148F 14 ± 1*
,‡,§

 0.8 ± 0.1*
,†,‡,§

 

T153A 14 ± 1*
,‡,§

 0.8 ± 0.2*
,†,‡,§

 

V161Y 18 ± 1*
,†
 0.6 ± 0.1*

,†,‡,§
 

GIRK2 11 ± 1* 0.3 ± 0.2*
,‡
 

 

 

 

 

 

Table 2.1.  Summary of single-channel data. Single-channel conductance and open 

times derived from channel events (n = 250–892) measured in three to five cells 

expressing GIRK2 and the subunit listed on the left. Amplitude data were binned in a 

conventional histogram (0.2-pA bin width; 0.4- to 4.4-pA constraints), normalized, and 

fit using a Gaussian function. Models with different term number were compared 

automatically, and results from the optimal fit are listed here. Open-state dwell-time data 

were binned in a logarithmic histogram (15 bins per decade; 0.3- to 10-ms constraints). 

Square roots of bin counts were determined, and resultant histograms were fit using an 

exponential (log-probability) function. Optimal fits were determined for each channel. 

For two-term fits, the influence of each term is listed as a percentage. The 

GIRK2(V142P) mutant was not evaluated because of low-level whole-cell activity. *P < 

0.001 vs. GIRK1/GIRK2; 
†
P < 0.05 vs. GIRK2; 

‡
P < 0.05 vs. TM; 

§
P < 0.05 vs. P. 
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Discussion 

Previous chimeric studies explored the influence of intracellular and core domains 

of GIRK1 on channel function [110, 112, 113, 115], leading to the identification of N- 

and multiple C-terminal domains critical for promoting direct interactions with G, 

including the “L-M sheet” (residues 331-340) and L333 [57]. These structures form a 

binding pocket that maps onto the external face of an extended cytosolic ion permeation 

pathway [102]. Given the conservation of these and other critical domains across GIRK 

subunits, they cannot explain the potentiating influence of GIRK1 on GIRK currents. 

Moreover, while the distal C-terminal domain of GIRK1 (residues 325-501) can confer 

enhanced G–dependent activation to a heteromeric channel consisting of GIRK4 and 

an IRK1/GIRK1 chimera, robust receptor-induced currents required the GIRK1 core 

domain [110]. Thus, structural features of GIRK1 might enhance receptor-dependent 

GIRK signaling via mechanisms that do not involve G binding. 

Structural insights into the unique distal C-terminal domain of GIRK1 are limited 

as published crystal structures were derived from recombinant proteins lacking the distal 

regions of the N- and C-terminal domains. While this domain alone does not bind G, 

its presence significantly strengthened binding of G to the GIRK1 C-terminus [214]. 

Thus, the potentiating effect of GIRK1 on GIRK-dependent signaling might reflect in 

part the presence of distal C-terminal domain that confers a stronger association between 

the channel and G. Here, we identified a single residue within this domain (Q404) that 

selectively influences receptor-induced GIRK channel activity. Available evidence is 

consistent with the possibility that this residue strengthens the channel-G interaction. It 
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is also possible, however, that Q404 strengthens the allosteric coupling that translates 

G binding to an increase in channel gating. 

Three amino acids (F137, A142, Y150) in the P-loop were found to collaborate to 

enhance heteromeric channel activity, probably via the redistribution of intra-subunit 

interactions and strengthening of inter-subunit interactions that leads to enhanced single 

channel conductance and mean open time, and perhaps enhanced gating. F137 was 

identified previously as an enhancer of basal and receptor-dependent currents carried by 

the GIRK1/GIRK4 heteromer [114]. While the precise structural impact of the 

phenylalanine substitution is unknown, manipulations at this site influence diverse 

channel properties. Indeed, an S148T substitution in GIRK2 yields highly-active 

homomeric channels [215]. Perhaps more surprisingly, GIRK1(F137S) homomers reach 

the cell surface and are functional, despite the lack of an ER export signal that precludes 

surface trafficking of GIRK1 [68]. 

Our data show that the positive collective influence of F137, A142, Y150 on basal 

and receptor-induced GIRK currents is tempered by F162 in the GIRK1 M2 domain. 

Using the structure of the GIRK2 homomer as a template, one would predict that 

replacing L173 (the analogous position in GIRK2) with the relatively bulky 

phenylalanine would result in a Van der Waals interaction with I155 of the adjacent 

GIRK subunit, pushing I155 toward the K
+
 permeation pathway (Fig. 2.10C). In support 

of this contention, the unitary conductance of channels formed with P(L173F) was lower 

than that of the P chimera, and the longer mean open times (2.4 ms) observed with the P 

chimera were not seen for P(L173F). The relatively selective influence of this residue on 
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receptor-dependent current argues that it is involved in conformational changes in the 

channel triggered by G binding. 

While pore-related structures that enhance unitary properties should increase 

basal (and receptor-dependent) whole-cell current, we found that the domain between 

409-462 in the distal C-terminus is a significant and selective determinant of receptor-

independent channel activity. The impact of the distal C-terminus of GIRK1 on basal 

activity might relate to channel interactions with G subunits. Gi3 was found to interact 

with the distal GIRK1 C-terminus, leading to a reduction in basal activity and increased 

G–dependent activation of GIRK1(F137S) homomers [216]. In contrast, basal activity 

of GIRK2 homomers was insensitive to Gi3-dependent modulation. In light of the 

substantial basal activity of GIRK channels seen in neurons (e.g., [158]), refinement of 

the impact of the distal GIRK1 C-terminal domain on basal activity is warranted.  

The single-channel conductance and mean open time of GIRK1-containing 

channels are both larger than those of GIRK1-lacking channels. Our data reveal that 

GIRK1 core domain accounts for much of the influence of GIRK1 on mean open time, 

and some of its influence on unitary conductance. Presumably, structures in the proximal 

N- and/or C-terminal domains of GIRK1 that contribute to the cytoplasmic pore 

participate in modulating these unitary channel properties. Given the robust influence of 

GIRK1 on GIRK channel activity, it seems likely that GIRK1 also enhances other aspects 

of channel function, including gating. In addition to an inner helix gate formed by the 2
nd

 

transmembrane segments, GIRK channels possess a G-loop gate found near the interface 

of the cytoplasmic domain and membrane [93]. Binding of G to GIRK2 homomers 



        Rgs regulation of cardiac muscarinic signaling 

  59 

opens the G-loop gate in the absence of PIP2, and both G-loop and inner helix gates in the 

presence of PIP2 [93]. While these gates are conserved across GIRK subunits, GIRK1 

and GIRK2 do differ with regard to PIP2 affinity [111]. Subunit-dependent differences in 

channel modulation by Na
+
 also support the contention that subtle differences associated 

with GIRK channel gates may translate into significant differences in channel activity 

[98]. 

The existence of four GIRK subunit genes, and their overlapping but distinct 

expression patterns, suggests that subunit composition influences GIRK channel function 

in tangible ways. Given the critical contributions made by GIRK channels to complex 

behavior and organ physiology [57], a detailed understanding of intrinsic and extrinsic 

factors that influence channel function is warranted. Here, we explored the structural 

underpinnings of the clearest GIRK subunit-dependent functional difference described to 

date. These efforts have refined the map of features influencing receptor-dependent and 

independent activity of GIRK1-containing channels, the dominant GIRK channel type in 

the brain and heart. 
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CHAPTER 3 

 

Mechanisms underlying the activation of G protein-gated inwardly-

rectifying K
+
 (GIRK) channels by the novel anxiolytic drug, ML297 
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Introduction 

Signal transduction involving inhibitory (Gi/o) G proteins titrates the excitability 

of neurons, cardiac myocytes, and endocrine cells, influencing behavior, cardiac output, 

and energy homeostasis [170]. G protein-gated inwardly-rectifying potassium (K
+
) 

(GIRK/Kir3) channels are a common effector for Gi/o-dependent signaling pathways in 

the heart and nervous system [57, 217]. Polymorphisms and mutations in human GIRK 

channels have been linked to arrhythmias, hyperaldosteronism (and associated 

hypertension), schizophrenia, sensitivity to analgesics, and alcohol dependence [170]. 

GIRK channels are activated by binding of the G protein G subunit [57, 170, 

217]. G binding strengthens channel affinity for phosphatidylinositol-4,5-bisphosphate 

(PIP2), a co-factor for channel gating [92, 101]. GIRK channels are also activated in a G 

protein-independent manner by ethanol [162, 163], volatile anesthetics [165, 218], and 

the flavonoid naringin [164]. Many psychoactive and clinically-relevant compounds with 

other primary molecular targets inhibit GIRK channels, albeit at relatively high doses 

[170, 219]. The lack of selective GIRK channel modulators, and in particular, drugs that 

discriminate among GIRK channel subtypes, has hampered investigation into their 

physiological relevance and therapeutic potential. 

GIRK channels are homo- and heterotetramers formed by GIRK1, GIRK2, 

GIRK3, and GIRK4 subunits [57, 217]. GIRK subunits exhibit overlapping but distinct 

cellular expression patterns, yielding multiple channel subtypes [170]. Though it cannot 

form functional homomers [68], GIRK1 is an integral subunit of the cardiac GIRK 

channel and most neuronal GIRK channels [63, 69]. GIRK1 confers robust basal and 

receptor-dependent activity to GIRK heteromers, attributable in part to unique residues in 
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the pore and second transmembrane domain [110, 114, 220]. The intracellular C-terminal 

domain also contributes to the potentiating influence of GIRK1 on channel activity, likely 

due to the presence of unique structures that modify the interaction between the channel 

and G, G, and PIP2, and render the channel susceptible to phosphoregulation [57, 170, 

217].  

Recently, we identified a new class of small molecule GIRK channel modulators 

[169]. The prototype (ML297) is a potent agonist selective for GIRK1-containing 

channels. At present, however, the selectivity of ML297 in vivo is untested and 

mechanisms underlying its selective activation of GIRK1-containing channels are 

unclear. The goals of this study were to identify the structural basis of ML297 efficacy 

and selectivity for GIRK1-containing channels, explore the mechanisms underlying 

channel activation, and probe further its therapeutic potential. We report that ML297 

activates GIRK1-containing channels in unique fashion, requiring only two amino acids 

unique to GIRK1, and suggest that ML297 or derivatives might represent a new class of 

anxiolytic compounds with limited sedative and addictive liabilities. 

 

Materials and Methods 

Animals—Animal experiments were approved by the Institutional Animal Care 

and Use Committee at the University of Minnesota. Male C57BL/6J mice were 

purchased from The Jackson Laboratory (Bar Harbor, ME) for some behavioral studies. 

Wild-type and Girk1
–/–

 mice generated on-site from crosses of Girk1
+/–

 mice were used 

for other behavioral studies and for establishing hippocampal cultures. Generation of 
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Girk1
–/–

 mice was described previously [210]. The Girk1 null mutation was backcrossed 

against the C57BL/6J strain for >20 rounds prior to establishing the crosses in this study.  

Plasmids/DNA—Expression constructs for GABABR1, GABABR2, and Dr-VSP 

were kindly provided by Dr. Paul Slesinger; Dr-VSP was provided with the permission of 

Dr. Yasushi Okamura. Plasmids containing rat GIRK1 (GIRK1-AU5) and mouse 

GIRK2A (GIRK2-myc) coding sequences served as parent constructs for mutagenesis. 

GIRK1/GIRK2 chimeras were generated by overlap extension PCR [220], and point 

mutations were introduced using the QuikChange II XL site-directed mutagenesis kit 

(Agilent Technologies, Inc.; Santa Clara, CA). 

Whole-cell experiments—ML297 was synthesized in the Vanderbilt Institute of 

Chemical Biology Chemical Synthesis Core and Vanderbilt MLPCN Specialized 

Chemistry Center. Hippocampal cultures were prepared as described [146], and kept in 

culture for 10-14 d prior to electrophysiological analysis. HEK293 cells were maintained 

according to ATCC recommendations and were transfected using the calcium phosphate 

technique; electrophysiological studies were carried out 16-24 h later. Conditions for 

measuring and analyzing whole-cell drug-induced GIRK currents were described 

previously [220]. 

Data analysis—Data are presented as mean±SEM. Statistical analyses were done 

with Prism 5 (GraphPad Software, Inc.; La Jolla, CA) and SigmaPlot 11 (Systat 

Software, Inc.; San Jose, CA). The least squares fitting method was used for non-linear 

fitting of dose-response data, Hill co-efficient analysis, and EC50 analysis. Behavioral 

data were analyzed by one-way ANOVA or two-way ANOVA; Dunnett’s post hoc 

testing was used for pairwise comparisons, as appropriate. 
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Outside-out recordings—HEK293 cells stably expressing GIRK1/GIRK2 or 

GIRK2 alone were used for single-channel recordings [169]. For some experiments, cells 

were transfected with GABABR1 and GABABR2 using the calcium phosphate technique, 

and electrophysiological experiments were carried out 16-24 h later [220]. Borosilicate 

patch pipettes (3.5-4.5 MΩ) coated with HIPEC
®
 R6101 elastomer (Dow Corning Corp.; 

Midland, MI) were filled with (in mM): 150 KCl, 1 MgCl2, 5 EGTA/KOH, 5 

HEPES/KOH (pH=7.4). The bath solution contained (in mM): 150 KCl, 1.8 CaCl2, 0.5 

MgCl2, 15 D-glucose, 5 HEPES/KOH (pH 7.4). To measure the impact of baclofen on 

unitary GIRK currents, Na2-ATP (2 mM) and Na-GTP (0.3 mM) were added to the 

pipette solution. After adopting the outside-out configuration, the holding potential was 

set to -70 mV. Bath solution containing ML297 (0.1, 0.25, and 1 M) or baclofen (100 

M) was applied to the chamber by gravity flow. Currents were recorded using an 

Axopatch 200B patch clamp amplifier (Molecular Devices), low-pass filtered at 2-5 kHz, 

sampled at 10 kHz, and stored on hard disk for analysis using pCLAMP v. 9.2 software.  

Analysis of single-channel parameters was performed on 10 s recordings taken 

before and after vehicle or drug application. To calculate channel mean open time, dwell-

time data were binned in a logarithmic histogram (15 bins/decade) using min/max 

constraints for amplitude (0.4-4.4 pA) and dwell-time (0.3-10 ms). Square roots of bin 

counts were determined and resultant histograms were fit using a standard exponential 

(log probability) function, with variable metric search method and maximum likelihood 

minimization method. Single-channel amplitude data were binned in a conventional 

histogram (0.2 pA bin width) using min/max constraints for amplitude (0.4-4.4 pA). 

Histograms were normalized and fit using a Gaussian function, with Levenberg-
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Marquardt search method and sum of squared errors minimization method. Models with 

different numbers of terms were compared automatically. Optimal model parameters for 

each channel type were determined. Open-state dwell-time data were analyzed using the 

Kolmogorov-Smirnoff test. Conductance of the channel was calculated plotting the 

amplitude values against different potential ranging from -50 to -100 mV and fitting the 

results to a linear regression. 

Thallium flux assays—Expression constructs used in the thallium flux assay were 

prepared from human GIRK expression plasmids described previously [169], using the 

GENEART site-directed mutagenesis system (Life Technologies; Carlsbad, CA); PCR 

reactions were conducted using AccuPrime Pfx DNA polymerase (Life Technologies). 

Amplified constructs were transformed into DH5-T1R cells (Life Technologies). DNA 

from selected colonies was obtained from liquid cultures and purified using the QIAprep 

Spin kit (Qiagen; Germantown, MD). 

HEK-293 cells (ATCC; Manassas, VA) were maintained in T75 flasks at 37°C 

and 5% CO2 in Minimal Essential Medium (Mediatech; Manassas, VA) containing 10% 

(v/v) fetal bovine serum (Sigma-Aldrich; Saint Louis, MO) and 1x Glutagro (Mediatech), 

referred to henceforth as cell culture medium. Cells were dislodged from 90% confluent 

T75 flasks (Corning) using TrypLE Express (Life Technologies). HEK cells in 

suspension (2 mL) in cell culture medium were added to 6-well plates to achieve ~60% 

confluence after one night of incubation at 37°C and 5% CO2. Transfections were 

performed using FuGENE® 6 (Promega; Madison, WI), according to manufacturer 

specifications. In brief, FuGENE® 6 was mixed with Opti-MEM (Life Technologies) and 

incubated for 5 min at room temperature. Subsequently, the mixture was combined by 
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gentle pipetting with expression plasmids. Following the 15 min incubation, the 

FuGENE/DNA mixture was added drop-wise to a well of a 6-well plate and mixed with a 

gentle side-to-side motion. Once the desired number of wells had been treated, the 6-well 

plates were returned to the cell culture incubator (37°C and 5% CO2) overnight. The next 

day, cells were lifted using TrypLE-Express, resuspended in cell culture medium (~500 

cells/L), and transferred to a total of 48 wells of an amine-coated, black-walled, clear-

bottom, 384-well plate (Beckton-Dickinson; Franklin Lakes, NJ). Additional 

transfections from the 6-well plate were added to the other wells of the 384-well plate 

with each plate always containing 48 wells of mock-transfected HEK-293 cells. Thus, 

each 384-well plate contained one set of mock-transfected controls and up to 7 

transfection conditions. 

Transiently-transfected cells in 384-well plates were incubated overnight at 37
o
 C 

and 5% CO2. The next day, cell culture medium was removed and replaced with 20 

L/well of a dye loading solution containing 0.4 M Thallos (TEFlabs, Austin, TX) in 

assay buffer (Hanks Balanced Salt Solution plus 20 mM HEPES, pH 7.3) and 0.04% 

(w/v) Pluronic F-127 (Sigma-Aldrich, St. Louis, MO). Following a 1-h incubation, the 

dye loading solution was replaced with assay buffer (20 L/well) and the plates were 

loaded into a Hamamatsu FDSS 6000 (Bridgewater, NJ). Data were acquired at 1 Hz 

(excitation 470±20 nm, emission 540±30 nm) for 10 s prior to the addition of assay 

buffer (20 L/well), a concentration series of ML297, or a single concentration of the 

non-selective GIRK inhibitor SCH23390 (Sigma-Aldrich). After 4 min, “5x” thallium 

stimulus buffer (10 L/well) was added and data collection continued for an additional 2 

min. The thallium stimulus buffer contained (in mM): 125 NaHCO3, 1.8 CaSO4, 1 
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MgSO4, 5 glucose, 2.4 Tl2SO4, 10 HEPES (pH 7.4). As a positive control, 4 

wells/transfection were tested with thallium stimulus buffer containing a 5% (v/v) 

solution (final concentration of 78 mM) of the non-selective GIRK channel activator 

methyl pentanediol (MPD; Sigma).  

     ML297 was dissolved in DMSO to concentrations of 10 mM, diluted by hand in 

7 x 3-fold steps in DMSO, and then further diluted in assay buffer (1:500) to achieve 

“2x” solutions. Diluted samples were used within 1 h of dilution. Final DMSO 

concentrations in all studies were 0.1%. Changes in thallium flux induced by either 

ML297 or MPD were analyzed as described
1
; in brief, each point in each wave was 

divided by the first point in that wave (F/F0). Then, the average wave arising from 

vehicle-control wells for each transfected construct was subtracted from waves measured 

in ML297- or MPD-treated wells. The slopes of these vehicle control-subtracted waves 

were calculated from 10 data points beginning 2 s after thallium stimulus addition. The 

choice to use slope values instead of amplitudes helped prevent shifts in potency that can 

result from indicator dye or detector saturation due to large increases in channel activity. 

For each wild-type and mutant construct tested, the slope values obtained from a 

maximally-effective concentration of ML297 (10 M) were divided by the slope values 

obtained in 78 mM MPD, and thus the efficacy of ML297 for each wild-type and mutant 

construct is expressed as a percentage of MPD efficacy for that same construct.  

Behavioral assays—For the motor activity study, mice were injected with ML297 

(3, 10, 30, or 60 mg/kg i.p.) or vehicle (saline + 10% Tween-80), placed into a novel 

open-field environment (22x42 cm), and activity was monitored by video camera for 60 

min. Distance traveled was determined by video analysis software (ANY-maze
TM

 v4.96; 
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Stoelting Co., Wood Dale, IL). Anxiety-related behavior was measured using an elevated 

plus maze (EPM, Med-Associates, Inc.; St. Albans, VT). Thirty minutes prior to testing, 

mice were injected with ML297 (3, 10, or 30 mg/kg i.p.) or vehicle (0.5% hydroxypropyl 

cellulose/4% DMSO); these dosing conditions were used for subsequent tests as well. 

Mice were placed in the center of the EPM, and the time spent within the open and closed 

arms, along with total distance traveled, was recorded for 5 min. Anxiety-like behavior 

was determined by the proportion of arm exploration in the open arm (open arm 

time/(open arm + closed arm time)). For the stress-induced hyperthermia (SIH) test, mice 

were injected with ML297 or vehicle 30 min prior to testing. Subsequently, an initial 

rectal temperature was determined using a RET-3 rectal probe (Physitemp Instruments, 

Inc.; Clifton, NJ); the probe was dipped into silicon oil, inserted ~1.5 cm into the rectum, 

and held there until a stable rectal temperature was observed (~20 s). Mice were then 

returned to their home cage for 10 min, followed by second rectal temperature 

measurement. The difference between the second and first temperature measurements 

was determined and evaluated across treatment groups. The forced swim test (FST) was 

conducted with clear cylinders (18-cm diameter x 25 cm tall) filled up to 13 cm with 

25°C water. Animals were placed in the water and movement was tracked from the side 

by a video camera. Immobility in the last 4 min of a 6-min session was determined using 

ANY-maze
TM

 software. 

The conditioned place preference (CPP) test spanned 12 d and was conducted in 

an apparatus (22x45x20 cm) divided into two compartments by an opaque wall with 

guillotine-style door. The floor of one compartment consisted of an array of 2.3 mm 

stainless steel rods, centered every 6.4 mm (grid). The floor of the other compartment 
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consisted thin chicken wire with openings of 2.5x2.5 mm (mesh). All data were acquired 

by video camera and movements analyzed with ANY-maze
TM

 software. Prior to 

beginning the study, mice were habituated to experimenter by 5 d of handling. During the 

pre-conditioning test, mice were placed in the apparatus and allowed free exploration for 

20 min; time spent in the “grid” and “mesh” chambers was recorded. Any mice 

displaying a severe preference (>800 s) for any one side were excluded from further 

testing.  Mice were then assigned to drug treatment (3, 10, or 30 mg/kg ML297) or 

vehicle (0.5% hydroxypropyl cellulose and 4% DMSO in water) treatment groups, and 

paired with either the “grid” or “mesh” compartment (CS+). The other chamber (CS-) 

was paired with a saline treatment. Assignments were counterbalanced based upon pre-

conditioning test performance. During the conditioning trials, subjects were injected with 

either drug or vehicle, and after a 15-min delay were confined for 30 min in the 

corresponding CS+ chamber. A total of 4 drug/vehicle and 4 saline trials were performed 

in alternating fashion, with only one trial performed per day. Side preferences were 

evaluated twice, first on the day following the 4
th

 conditioning session, and again on the 

day after the final conditioning session. Place preference was determined by calculating 

the difference in time spent in the CS+ and CS- chambers during the test sessions; 

“Preference” is defined as CS+ - CS- within a given test session. 

 

Results 

We began by comparing whole-cell currents evoked by ML297 and the GABAB 

receptor (GABABR) agonist baclofen in transfected HEK293 cells. ML297 evoked 

concentration-dependent inward currents in cells expressing GABABR and the 
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prototypical neuronal GIRK channel (GIRK1/GIRK2; Fig. 3.1A). The EC50 for ML297-

induced activation of GIRK1/GIRK2 channels was 233±38 nM; 10 μM ML297 evoked a 

maximal response (Fig. 3.1B). Activation and deactivation kinetics of the ML297-

induced current were concentration-dependent, increasing and decreasing, respectively, 

with higher ML297 concentrations (Fig. 3.1C). Maximal ML297-induced currents were 

larger than those evoked by a saturating concentration of baclofen (100 M; Fig. 3.1D). 

Reversal potentials measured for basal, baclofen-induced, and ML297-induced GIRK 

currents were comparable and close to the predicted value for a K
+
-selective channel 

(EK= -43 mV; Fig. 3.1E). Inward rectification, however, was markedly stronger for basal 

and baclofen-induced currents than for ML297-induced current (Fig. 3.1E,F). 

We next measured the effect of ML297 on GIRK1/GIRK2 channels in outside-out 

patches from transfected cells (Fig. 3.2). ML297 evoked a concentration-dependent 

increase in activity (NPo) of GIRK1/GIRK2 channels (Fig. 3.2A,B), but had no effect on 

GIRK2 homomers (Fig. 3.2B). At the highest ML297 concentration tested (1 M), 

GIRK1/GIRK2 channel activity was enhanced 8-fold over basal levels, complicating 

extraction of unitary channel properties. At lower concentrations (100 nM), ML297 

promoted the occurrence of longer opening events without altering single channel 

conductance (29.30.5 pS before vs. 31.31.5 pS after; P=0.3) (Fig. 3.2A,C). Baclofen 

(100 M) also increased channel activity without altering single-channel conductance 

(29.30.5 pS before vs. 29.11.6 pS after; P=0.9). In contrast to ML297, however, 

baclofen primarily increased the frequency of shorter-lived events (Fig. 3.2D). 

Collectively, data from whole-cell and single-channel experiments suggested that 

baclofen and ML297 activate GIRK channels in distinct manners.   
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We next examined the impact of the Danio rerio voltage-sensitive phosphatase 

(Dr-VSP) on baclofen- and ML297-induced GIRK currents (Fig. 3.3). Dr-VSP is 

activated by strong depolarization, leading to depletion of membrane-bound PIP2 [221]. 

GIRK currents induced by baclofen and ML297 were recorded twice in each cell, once 

prior to and once after Dr-VSP activation (Fig. 3.3A). GIRK currents induced by 

baclofen and ML297 were strongly attenuated following Dr-VSP activation (Fig. 

3.3A,B). In contrast, no attenuation of GIRK currents was seen in cells lacking Dr-VSP 

(Fig. 3.3C). Thus, ML297-induced activation of GIRK1-containing channels, like other 

modes of GIRK channel activation, requires PIP2. 

To test whether the potency, efficacy, and selectivity of ML297 for GIRK1-

containing channels are retained in cells that normally express GIRK channels, we next 

measured ML297-induced currents in cultured hippocampal neurons, which express 

GIRK1, GIRK2, and GIRK3 [109]. ML297 evoked a concentration-dependent inward 

current (Vhold = -70 mV) in pyramidal-shaped hippocampal neurons from wild-type mice 

(Fig. 3.4A,B). The EC50 (377±70 nM) was comparable to that measured with 

recombinant GIRK1/GIRK2 channels (233±38 nM; Fig. 3.1B), and ML297-induced 

current kinetics in hippocampal neurons showed a concentration dependence comparable 

to that seen in transfected cells (Fig. 2.4C). Currents evoked by application of 10 M 

ML297 were comparable in magnitude to those evoked by a saturating concentration of 

baclofen (100 M; Fig. 3.5A,B). Unlike baclofen-induced responses, however, ML297-

induced currents showed little acute desensitization (Fig. 3.5C), and the kinetics were 

slower than those measured for baclofen (Fig. 3.5D). Importantly, while ML297 and 

vehicle had negligible effects on holding current in neurons from Girk1
–/–

 mice, baclofen 
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evoked reliable (albeit small) currents in these neurons (Fig. 3.5A,B), likely attributable 

to activation of residual GIRK1-lacking channels [220].  
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Figure 3.1. ML297- and baclofen-induced GIRK currents: whole-cell. (A) Trace 

showing the effect of increasing concentrations of ML297 on holding current (Vhold = -70 

mV) in a cell expressing GABABR, GIRK1, and GIRK2. Horizontal bars above the trace 

denote the duration of ML297 application. (B) Concentration-response of ML297-evoked 

currents in transfected cells. Steady-state currents at each concentration were normalized 

to the response measured with 10 µM ML297 (n=6 recordings/concentration). (C) 

Activation and deactivation kinetics (, time constant) for the ML297-induced current in 

transfected cells. A significant effect of concentration was observed for both activation 

(F3,21=10.2; P<0.001) and deactivation (F3,21=4.8; P<0.05) rate. *,***P<0.05 and 0.001, 

respectively, vs. 30 M ML297. (D) Peak currents evoked by vehicle (V, 0.1% DMSO), 

baclofen (B, 100 M), or ML297 (M, 10 M) in cells expressing GABABR, GIRK1, and 

GIRK2 (F2,26=12.2; P<0.001, n=4-15/condition) or GABABR and GIRK2 alone (t10=3.1; 

P<0.05, n=6 recordings/group). *,**P<0.05 and 0.01, respectively. (E) I-V plot for basal 

GIRK current (measured in 25 mM K
+
, circles), together with plots for GIRK currents 

evoked by baclofen (100 μM; squares) or ML297 (10 μM; triangles) (n=3 

recordings/group). (F) Rectification index (ratio of current measured at 0 mV and -80 

mV) for basal GIRK current (‘Basal’), or GIRK currents evoked by baclofen (B, 100 μM) 

or ML297 (M, 10 μM). A significant impact of group on rectification index was observed 

(F2,11=5.5; P<0.05). *P<0.05 vs. basal and baclofen groups. 
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Figure 3.2. ML297- and baclofen-induced GIRK currents: single-channel. (a) 

Representative traces showing the effect of 100 nM and 1 M ML297 on the activity of 

recombinant GIRK1/GIRK2 channels measured in the outside-out configuration. 

Segments of the recording made prior to and after application of 100 nM ML297 are 

shown below on an expanded time scale. (b) Summary of the impact of ML297 (0, 0.1, 

0.25, 1 M) on the activity (NPo) of recombinant GIRK1/GIRK2 heteromeric (filled 

bars) and GIRK2 homomeric (open bar) channels. NPo data were normalized to channel 

activity (basal) measured prior to drug application. A significant effect of concentration 

was seen for experiments involving GIRK1/GIRK2 channels (F3,13=29.7; P<0.001). 

**,***P<0.01 and 0.001, respectively, vs. basal activity (0 M). (c) Open time 

histograms and curve fits for GIRK1/GIRK2 channel activity measured before (gray) and 

after (black) application of ML297 (100 nM). Histograms were fit best with a double 

exponential; pre-application values were 0.30.2 ms and 1.00.4 ms. After ML297 

application, corresponding values were 0.40.1 ms and 1.80.2 ms (pre vs. post 

comparison; K-S statistic = 0.047, 19759 events; P<0.001). (d) Open time histograms 

and curve fits for GIRK1/GIRK2 channel activity measured before (gray) and after 

(black) the application of baclofen (100 M, left). Histograms were fit best with a double 

exponential function; pre-baclofen open time values were 0.30.2 ms and 1.00.2 ms. 

After baclofen, the corresponding values were 0.20.3 ms and 0.70.2 ms (pre vs. post 

comparison; K-S statistic = 0.105, 58196 events; P<0.001).  
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Figure 3.3. ML297- and baclofen-induced GIRK currents: PIP2 dependence. (A) 

Traces showing the effect of PIP2 depletion on currents evoked by baclofen- (B, 100 M) 

and ML297- (M, 10 M). Black dashes denote the cell being held at -70 mV, keeping Dr-

VSP in an inactive state. Step symbols (
┌┐┌┐

) denote the Dr-VSP activation protocol, 

which involved alternating 500 ms voltage steps between -70 and +100 mV; at least 120 

steps to +100 mV were made prior to the 2
nd

 application of baclofen and ML297. (B) 

Summary of responses evoked by baclofen (B, 100 M) and ML297 (M, 10 M) in cells 

expressing GABABR, GIRK1, GIRK2, and Dr-VSP. Peak amplitudes of the 2
nd

 

responses were normalized to the amplitude of the first response. Dr-VSP activation 

significantly decreased baclofen- (t16=4.6; P<0.001) and ML297- (t16=2.3; P<0.05) 

induced currents (n=9 recordings/condition). *,***P<0.05 and 0.001, respectively. (C) 

Summary of responses evoked by baclofen (B, 100 M) and ML297 (M, 10 M) in cells 

expressing GABABR, GIRK1, GIRK2, and empty vector (no Dr-VSP). No significant 

difference in peak current was observed between 1
st
 and 2

nd
 applications of either 

baclofen (t6=0.7; P=0.5) or ML297 (t6=0.1; P=0.9) groups (n=4 recordings/condition). 
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Figure 3.4. ML297- and baclofen-induced GIRK currents in hippocampal neurons. 

(A) Trace showing the effect of increasing concentrations of ML297 on holding current 

(Vhold = -70 mV) in a wild-type hippocampal neuron. (B) Concentration-response 

analysis of ML297-evoked currents in hippocampal neurons from wild-type mice. 

Steady-state currents at each concentration were normalized to the response measured 

with 10 M ML297 (n=5-6 recordings/concentration). (C) Activation (F2,16=30.0; 

P<0.001) and deactivation (F2,16=5.0; P<0.05) kinetics for the ML297-induced current in 

hippocampal neurons. *,***P<0.05 and 0.001, respectively, vs. 30 M ML297. 
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Figure 3.5. ML297- and baclofen-induced GIRK currents in hippocampal neurons. 

(A) Traces showing the relative effects of vehicle (V, 0.1% DMSO), baclofen (B, 100 

µM), and ML297 (M, 10 µM) on holding currents in neurons from wild-type (upper 

trace) and Girk1
–/–

 (lower trace) mice. (B) Summary of peak currents evoked by vehicle 

(0.1% DMSO), baclofen (100 M), and ML297 (10 M) in neurons from wild-type (wt) 

and Girk1
–/–

 (G1
–/–

) mice; a significant genotype x drug interaction was observed 

(F2,43=16.4; P<0.001). ***P<0.001 (within drug); 
###

P<0.001 vs. ML297 (within 

genotype). (C) Acute desensitization of currents induced by baclofen (100 M) and 

ML297 (10 M), measured by comparing peak currents with currents measured 20 s after 

drug application. Baclofen-induced currents showed modest acute desensitization (20%), 

while ML297-induced currents did not (t12=4.2, P<0.01). **P<0.01. (D) Activation 

(t8=12.8, P<0.001) and deactivation (t8=6.5, P<0.001) kinetics of currents induced by 

baclofen (B, 100 M) and ML297 (M, 10 M) in hippocampal neurons from wild-type 

mice. ***P<0.001. 
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  To identify structural elements in GIRK1 required for ML297-induced channel 

activation, we used a thallium flux assay to compare responses induced by ML297 and 

the short-chain alcohol methyl pentanediol (MPD, a non-selective GIRK channel agonist) 

in cells co-expressing GIRK2 and either GIRK1 or a chimera harboring discrete GIRK1 

sub-domains on a GIRK2 backbone (Fig. 3.6). We demonstrated previously that these 

GIRK1/GIRK2 chimeras interact with wild-type GIRK2 and promote levels of GIRK2-

containing channels on the cell surface comparable to wild-type GIRK1 [220]. Using this 

approach, we found that while the non-selective GIRK agonist MPD was efficacious for 

all constructs evaluated, the P-M2 domain in GIRK1, which contains the pore helix/K
+
 

selectivity filter and second membrane-spanning domain, was critical for ML297 efficacy 

(Fig. 3.6A,B).  

  Based on the sequence alignment between GIRK1 and GIRK2 within the P-M2 

domain (Fig. 3.7A), we next mutated residues in GIRK1 to match the corresponding 

residues in GIRK2 in an effort to identify specific amino acids required for the ML297-

induced activation of GIRK1-containing channels. Two GIRK1 residues (F137 and 

D173) were identified using this approach (Fig. 3.6B). In cells expressing GIRK2 and 

either GIRK1
F137S

 or GIRK1
D173N

, ML297-induced channel activation was virtually 

absent, while activation by MPD was preserved. Introduction of either of these GIRK1 

residues individually into GIRK2 (S148F or N184D) failed to restore ML297 sensitivity. 

In cells expressing GIRK2 and the GIRK2 mutant harboring both GIRK1 residues 

(GIRK2
F/D

), ML297-induced channel activation was restored. 

To extend these findings, ML297-induced whole-cell currents were compared in 

cells expressing GIRK2 and either GIRK1, GIRK1
F137S

, GIRK1
D173N

, GIRK1
S/N

, 
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GIRK2
S148F

, GIRK2
N184D

, or GIRK2
F/D

 (Fig. 3.7B,C). Similar to the thallium flux results, 

ML297-induced whole-cell currents were strongly-attenuated or undetectable in cells 

expressing GIRK2 and either GIRK1
F137S

, GIRK1
D173N

, GIRK1
S/N

, GIRK2
S148F

, or 

GIRK2
N184D

 (Fig. 3.7C). ML297-induced currents were normal, however, in cells 

expressing GIRK2 and GIRK2
F/D 

(Fig. 3.7B,C). ML297-induced current kinetics were 

slower for GIRK2
F/D

/GIRK2 channels as compared to GIRK1/GIRK2 channels (Fig. 

3.7D,E). Finally, the I-V profiles of basal, ML297-induced, and baclofen-induced 

currents carried by GIRK2
F/D

/GIRK2 channels were comparable to those observed for 

GIRK1/GIRK2 channels, with ML297 significantly weakening channel inward 

rectification (Fig. 3.8A,B). Thus, GIRK1 residues F137 and D173 are necessary for the 

ML297-induced activation of GIRK1/GIRK2 channels, and are sufficient to confer 

ML297 sensitivity to GIRK2.  
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Figure 3.6. Structural elements of GIRK1 required for ML297 activation. (A) 

Schematic depiction of the GIRK1/GIRK2 chimeras used to localize structural elements 

required for the ML297-induced activation of GIRK1-containing channels. Residues 

differing between GIRK1 and GIRK2 in the P-M2 region are highlighted, including the 

two residues required for ML297-induced channel activation. (B) Thallium flux induced 

by 10 M ML297 in cells expressing GIRK2 and the construct designated below the X-

axis, expressed as a percentage of the response of the same cells to MPD (%MPD). 

Constructs depicted in panel (A) are presented on the left side of the plot, with more 

selective point mutations introduced into the Pore (P), P-M2, GIRK1, and GIRK2 

backbones on the right.  
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Figure 3.7. Structural elements in GIRK1 required for ML297 activation. (A) 

Alignment of core domains of GIRK1 and GIRK2: M1 (1
st
 membrane-spanning domain), 

x1 (1
st
 extracellular loop), pore helix, K

+
-selectivity filter, x2 (2

nd
 extracellular domain), 

M2 (2
nd

 transmembrane spanning domain). Arrowheads identify the GIRK1 residues 

required for ML297 activation. (B) Traces showing currents evoked by ML297 (10 M) 

in cells expressing GABABR and either GIRK1/GIRK2 or GIRK2
FD

/GIRK2. (C) 

Summary of ML297-induced peak currents measured in cells expressing GABABR, 

GIRK2, and either GIRK1, GIRK2, or GIRK mutant (n=4-6/group). A significant impact 

of group was found for ML297-induced currents for the GIRK1 mutant series 

(upper/black, F3,20=18.9; P<0.001), and for the ML297-induced peak currents for the 

GIRK2 mutant series (lower/gray, F3,19=45.4; P<0.001). **P<0.01 vs. GIRK1; 
++

P<0.01 

vs. GIRK2. Significant differences were found for (D) activation (t12=4.3, P<0.01) and 

(E) deactivation kinetics (t10=3.6, P<0.01) of ML297-induced currents carried by cells 

expressing GIRK2 and either GIRK1 or GIRK2
F/D

 (n=6-8/group). **P<0.01. 
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Figure 3.8. Structural elements in GIRK1 required for ML297 activation. (A) I-V 

plots for basal GIRK currents (circles), together with plots for GIRK currents evoked by 

baclofen (100 M, squares) or ML297 (10 M, triangles), in cells expressing GIRK2 and 

GIRK2
F/D

 (n=3 recordings/condition). (B) Rectification index for basal GIRK currents 

(‘Basal’) and GIRK currents evoked by baclofen (B, 100 M) or ML297 (M, 10 M) in 

cells expressing GABABR, GIRK2, and GIRK2
F/D

. A significant impact of group on 

rectification index was observed (F2,8=45.6; P<0.02). *P<0.05 vs. basal and baclofen 

groups. 
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Previously, we reported that ML297 was protective in rat epilepsy models [169]. 

To further investigate the behavioral effects of ML297, we probed its efficacy in tests of 

motor activity, reward, depression, and anxiety. We began with an open-field motor 

activity test involving wild-type C57BL/6J mice. We found that at the highest dose tested 

(60 mg/kg, the dose used in the seizure studies; [169]), ML297 suppressed motor activity 

(Fig. 3.9A). Lower doses (3, 10, and 30 mg/kg), however, had no impact on motor 

activity. Thus, to avoid the potentially confounding effect of ML297 on motor activity, 

30 mg/kg was selected as the maximum dose used in subsequent behavioral tests. 

ML297 did not exhibit significant reinforcing effects in wild-type mice as 

measured using a conditioned place preference (CPP) test (Fig. 3.9B), nor did it exhibit 

anti-depressant efficacy in the forced swim test (FST, Fig. 3.9C,D). ML297 did evoke a 

dose-dependent decrease in anxiety-related behavior in the elevated plus maze (EPM) 

test, increasing time spent in the open arms of the maze (Fig. 3.9E). Similarly, ML297 

produced a dose-dependent suppression of stress-induced hyperthermia (SIH; Fig. 3.9F), 

a motor activity-independent physiological stress response blunted by anxiolytic drugs 

[222].  

We repeated EPM and SIH tests using a cohort of wild-type and Girk1
–/–

 siblings. 

Consistent with published data for Girk2
–/–

 mice [223, 224], Girk1
–/–

 mice exhibited less 

anxiety-related behavior than wild-type controls in the EPM test (Fig. 3.9G). No 

additional anxiolytic effect of ML297 was observed in Girk1
–/–

 mice, however, ML297 

increased time spent in the open arm in the wild-type group. Similarly, no anxiolytic 

effect of ML297 was observed in Girk1
–/–

 mice during the SIH test (Fig. 3.9H). 

Collectively, these results argue that the anxiolytic effect of ML297 observed in wild-
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type mice is primarily, if not exclusively, attributable to activation of GIRK1-containing 

channels.   
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Figure 3.9. Behavioral impact of ML297. (A) Total distance traveled (m) by C57BL/6J 

mice in 1 h in a novel open-field following injection of ML297 (0/vehicle, 3, 10, 30, 60 

mg/kg i.p.; n=11-12 mice/dose). A significant effect of dose was observed (F4,58=3.2; 

P<0.05). **P<0.01 vs. 0/vehicle. (B) Difference in time spent by C57BL/6J mice in the 

drug-paired and unpaired sides of a CPP chamber, measured on the first day of testing 

(pre-test, white bars), and after 4 conditioning sessions with ML297 (0/vehicle, 3, 10, or 

30 mg/kg i.p.; n=12-13 mice/dose). No significant effect of group was observed for either 

the pre-test (F3,48=0.5; P=0.65) or test day (F3,48=1.5; P=0.24). C,D) Total immobility 

time (C, F3,43=0.5; P=0.70) and latency to first immobility period (D, F3,43=0.9; P=0.46) 

measured for C57BL/6J mice during a 6-min forced swim test 30 min following injection 

of ML297 (0/vehicle, 3, 10, or 30 mg/kg i.p.; n=11 mice/dose). E) Percent time spent in 

the open arms (F3,43=3.8; P<0.05) by C57BL/6J mice in a 5-min elevated plus maze test 

performed 30 min after injection of ML297 (0/vehicle, 3, 10, or 30 mg/kg i.p.; n=10-12 

mice/dose). **P<0.01 vs. 0/vehicle. (F) Effect of ML297 on stress-induced hyperthermia 

response in C57BL/6J mice. Change in temperature (ΔT, in °C) from the point of stress 

(T1) taken 30 min after injection of ML297 (0/vehicle, 3, 10, or 30 mg/kg i.p.; n=12 

mice/dose) to 10 min after stress (T2). A significant effect of dose was detected 

(F3,47=4.9; P<0.01). *,** P<0.05, 0.01, respectively, vs. 0/vehicle. (G) Percent time spent 

in the open arms by wild-type and congenic Girk1
–/–

 mice in a 5-min elevated plus maze 

test performed 30 min after injection of ML297 (0/vehicle or 30 mg/kg i.p.; n=11-16 

mice/group). A significant drug x genotype interaction (F1,52=7.0; P<0.01) was observed. 

Note the decreased baseline (vehicle group) anxiety-related behavior in Girk1
–/–

 mice. 

*P<0.05 vs. 0/vehicle (within genotype); 
###

P<0.001 vs. wild-type (within-dose). (H) 

Effect of ML297 (0/vehicle or 30 mg/kg i.p.; n=11-16 mice/group) on stress-induced 

hyperthermia response in wild-type and congenic Girk
–/–

 mice. A significant drug x 

genotype interaction (F1,36=4.2; P<0.05) was observed.  **P<0.01 vs. 0/vehicle (within 

genotype).  
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Discussion 

The classical mode of GIRK channel activation involves the receptor-induced 

activation of Gi/o G proteins, which facilitates an interaction between channel and G. 

Several lines of evidence argue that ML297-induced activation of GIRK channels differs 

mechanistically from this mode of channel activation. For example, ML297 activation of 

GIRK1-containing channels is not impacted by pertussis toxin, an inhibitor of Gi/o G 

proteins [169]. In addition, ML297 selectively activates GIRK1-containing channels, 

whereas G activates both GIRK1-containing and GIRK1-lacking channels (e.g.,
 
[64]).  

Clear resolution of the channel-G interaction was obtained with the co-

crystallization of G and a GIRK2 homomer [106]. G binds to an outward-facing 

surface created by two adjacent GIRK cytoplasmic domains (the K, L, M, and N 

sheets from one subunit, and the D and E sheets from the adjacent subunit; Fig. 

3.10A). GIRK2 residues mediating the GIRK-G interaction include Q248 and F254 in 

D-E, and L342-T343-L344 in L-M. The GIRK-G interaction is electrostatic, 

facilitated by negatively-charged glutamic and aspartic acid residues found in the L-M 

loop that attract the electropositive binding face on G. Importantly, key elements of this 

interaction interface are conserved across all GIRK subunits, including GIRK1. 

ML297-induced activation of GIRK channels also differs from channel 

modulation by other known channel activators. Intracellular Na
+
 (EC50 30-40 mM) 

activates neuronal and cardiac GIRK channels in a manner dependent on an aspartic acid 

residue found in the βC-βD loop of GIRK2 and GIRK4, respectively [98, 100]. This 

residue, which contributes to the binding site for Na
+
 [93], is not found in GIRK1. 

Ethanol activates both GIRK1-containing and lacking channels in a G protein-
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independent manner, without altering the strong rectification profile [162, 163]. The 

hydrophobic alcohol-binding pocket in GIRK2 homomers is formed by a residue in the 

N-terminus (Y58) and two residues in the βL-βM sheet from one subunit (L342 and 

Y349), together with three residues in the βD-βE sheet from the adjacent subunit (I244, 

P256, L257) [167]. As is the case for structures involved in mediating channel 

interactions with G and Na
+
, the structures mediating channel-alcohol interactions are 

largely conserved in GIRK1 [162, 163]. Furthermore, we show here that we can eliminate 

ML297-induced activation of GIRK channels without altering their sensitivity to MPD. 

While GIRK channel activation via G, ethanol, and Na
+
 involves unique 

structural determinants, these agents (and ML297) require membrane-bound PIP2 to 

activate GIRK channels. PIP2 interacts with lysine residues found at the interface 

between the transmembrane and cytoplasmic domains of GIRK subunits. Binding of G, 

ethanol, and Na
+
 to GIRK channels strengthens channel affinity for PIP2 [92, 97, 166]. 

PIP2 binding triggers a rotation of the inner transmembrane helices, displacing the inner 

helical gate found at the junction of the transmembrane and cytoplasmic domains. With 

PIP2 present, GIRK channels are ‘primed’ for activation. Indeed, Gβγ binding (in the 

presence of PIP2) leads to opening of the inner-helical gate and the G-loop gate, which is 

formed by the inner face of the cytosolic domains; G in the absence of PIP2 can only 

open the G-loop gate [93, 106]. We propose that ML297, like other channel agonists, 

ultimately activates GIRK channels by opening inner-helical and G loop gates. 

Our data argue that ML297 interacts directly with GIRK1-containing channels. 

Indeed, the observations that one of the GIRK1 residues (D173) required for ML297 

agonism has been linked to inward rectification [225] and that ML297 weakens the 
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inward rectification of the channel are difficult to reconcile with an indirect mechanism 

of action for ML297. Moreover, the relatively close spatial proximity of the two GIRK1 

residues necessary and sufficient for ML297 agonism suggests the possibility that ML297 

binds within a pocket formed by one or both residues [93] (Fig. 3.10B). We cannot 

exclude the possibility, however, that ML297 binds to other domains of GIRK1 or to 

domain(s) conserved across all GIRK subunits. ML297 may bind to both GIRK1/GIRK2 

heteromers and GIRK2 homomers, for example, but residues F137 and D173 in GIRK1 

translate ML297 binding to enhanced channel activity better than their counterparts in 

GIRK2. Indeed, these residues were implicated previously in studies aimed at identifying 

structures in GIRK1 that potentiate basal and receptor-induced activity of heteromeric 

GIRK channels [114, 220]. Moreover, we show that the deactivation rate of ML297-

induced current carried by GIRK2
F/D

/GIRK2 heteromers was substantially slower than 

that observed for GIRK1/GIRK2 heteromers. Since deactivation rate for a direct-acting 

channel agonist should largely reflect agonist-channel affinity, these findings support the 

contention that structures in GIRK2 influence the ML297-GIRK channel interaction. This 

contention is further supported by the observation that some ML297 derivatives show 

differential selectivity for GIRK1/GIRK2 and GIRK1/GIRK4 channels [226]. 
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Figure 3.10. Structural elements involved in GIRK channel activation by G, PIP2, 

Na
+
, and ML297. (A) Crystal structure of the GIRK2 homomer bound to G (Protein 

Data Bank (PDB) ID code 4KFM), with regions critical for binding PIP2, alcohol, and 

Na
+
 denoted by arrows. Note that only 2 bound G complexes are displayed, in the 

interest of clarity. The extracellular, transmembrane, and intracellular domains of the four 

GIRK2 subunits are shown. Specific locations of residues forming binding sites for PIP2 

[93, 106], alcohol [167], and Na
+
 [93] are shaded and denoted by arrows. (B) An 

expanded view of the transmembrane domain depicting the predicted locations of the 

GIRK1 residues (F137 and D173, shown by arrows) identified as necessary and sufficient 

for conferring ML297 sensitivity to GIRK channels. The locations of the pore helix 

(which contains F137) and 2
nd

 membrane-spanning domain (which contains D173) are 

highlighted. Three K
+
 ions are shown (spheres) to identify the location of the 

transmembrane permeation pathway. 
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ML297 reduced anxiety-related behavior in mice in a GIRK1-dependent manner, 

without displaying rewarding or sedative effects. Interestingly, genetic ablation of Girk1 

(this study) or Girk2 also correlated with reduced anxiety-related behavior in mice [223, 

224]. The similarity in behavioral outcome for Girk ablation and acute systemic 

pharmacologic GIRK activation is likely attributable to molecular and/or developmental 

compensation occurring secondary to constitutive gene ablation in knockout studies. 

Indeed, altered glutamatergic signaling has been documented in multiple neuron 

populations in Girk1
–/–

 and Girk2
–/–

 mice [227, 228].    

The sensitivity of GIRK channels to ethanol suggests that GIRK channels are 

relevant molecular targets for alcohol [162, 163]. In support of this contention, wild-type 

but not Girk2
–/–

 mice, developed a conditioned place preference to ethanol [229]. Thus, 

GIRK channel activation might underlie in part the rewarding effect of ethanol. ML297, 

however, did not evoke a conditioned place preference in wild-type mice. A possible 

explanation for the differential reward liability of ethanol and ML297 is that the reward-

related, GIRK-dependent effects of ethanol are mediated by GIRK channels lacking 

GIRK1. In this context, it is noteworthy that dopamine neurons in the ventral tegmental 

area, a key anatomic substrate of addictive drugs, express GIRK2/GIRK3 heteromers 

[87].     

The lack of potent and selective pharmacologic tools for studying GIRK channels has 

limited progress on understanding their physiological and pathophysiological relevance. 

Translational benefits associated with inhibiting or enhancing GIRK signaling are 

unlikely to be achieved without an ability to manipulate GIRK signaling in a region 

and/or subunit-selective manner. Here, we show that ML297 selectively activates native 
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GIRK1-containing channels, decreasing anxiety-related behavior at doses without 

associated reward or motor liabilities. Thus, ML297 – or perhaps its next-generation 

derivatives – represents an important step toward realizing the full therapeutic potential 

of GIRK channel manipulation.  
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CHAPTER 4 

 

RGS6/G5 complex accelerates IKACh gating kinetics in atrial myocytes 

and modulates parasympathetic regulation of heart rate  
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Introduction 

  Cardiac output is shaped to a great extent by sympathetic and parasympathetic 

influences. Parasympathetic input tempers heart rate (HR) and counteracts the pro-

arrhythmic effects of sympathetic activation, and is mediated by acetylcholine (ACh) 

[204]. ACh is released from post-ganglionic parasympathetic neurons and binds to M2 

muscarinic receptors (M2R) on pacemaker cells and atrial myocytes, triggering activation 

of pertussis toxin-sensitive (Gi/o) heterotrimeric G proteins [51]. Once activated, G 

proteins dissociate into G-GTP and G subunits, leading to modulation of adenylyl 

cyclase and multiple ion channels. Central among these reactions is the binding of G to 

the atrial potassium channel IKACh, a heterotetramer composed of GIRK1 and GIRK4 

subunits [230]. Binding of G to IKACh enhances its gating which leads to cell 

hyperpolarization and ultimately, decreased HR [205].  

The duration of  G protein signaling is controlled by members of the Regulator of 

G protein Signaling (RGS) family [231]. RGS proteins stimulate inactivation of G-GTP, 

facilitating its re-assembly with G. RGS proteins play a critical role in shaping 

bradycardic effects of M2R receptor activation [89, 232, 233]. Indeed, eliminating RGS 

influence by expressing G subunits insensitive to RGS action results in a substantial 

enhancement of IKACh regulation by M2R signaling, via both Go and Gi2 pathways 

[232, 233]. Although more than 30 RGS proteins have been identified, the involvement 

of specific RGS proteins in the regulation of parasympathetic input is not fully-

understood.  Here, we report an unexpected role of the RGS6/G5 complex, previously 
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thought to be neuron-specific regulator, in the temporal regulation of M2R-IKACh 

signaling.  

 

Materials and Methods  

Littermate mice were used for all experiments in this study. All procedures were 

carried out in accordance with NIH guidelines and were approved by the Institutional 

Animal Care and Use Committee of the University of Minnesota. 

Antibodies, Recombinant Proteins, DNA Constructs—Sheep anti-RGS6 antibodies 

(-RGS6-FL) were generated against recombinant fragment containing amino acids 263-

472 of mouse RGS6 that was expressed and purified from E.coli as described [234]. 

Antibodies were affinity-purified on the epitope-conjugated column and stored in PBS 

buffer containing 50% glycerol. Rabbit anti-G5 (SGS) and rabbit anti-R7BP (TRS) 

antibodies were a generous gift from Dr. William Simonds, NIDDK. Rabbit polyclonal 

anti-AU1 tag (GenScript, Piscataway, NJ), mouse monoclonal anti-AU5 (MMS-135R; 

Covance, Princeton, NJ),  goat polyclonal anti-RGS4 (Santa Cruz Biotechnology, Santa 

Cruz, CA), rabbit polyclonal anti-Gi1/2 (Thermo Fisher Scientific, Rochford, IL) and 

rabbit polyclonal anti-Go (K20; Santa Cruz Biotechnology, Santa Cruz, CA) were 

purchased. All general chemicals were purchased from Sigma Aldrich (St. Louis, MO).  

Cloning of full-length mouse Gβ5S and RGS6 was described previously [235, 

236]. The open reading frame of G5S was subcloned into pcDNA3.1/TOPO 

(Invitrogen) mammalian expression vector, and RGS6 was cloned into pcDNA3.1NT-

GFP-TOPO (Invitrogen) creating an N-terminal fusion with GFP. Cloning of GIRK1-
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AU5 and GIRK4-AU1 into mammalian expression vectors has been described [237]. All 

constructs were propagated using an E.coli Top-10 strain (Invitrogen), isolated using 

Nucleobond kits, (Macherey-Nagel; Bethlehem, PA) and sequenced. 

Mouse Strains—The generation of R7bp
–/– 

[137], G5
–/–

[238], and Girk4
–/– 

[205] 

mice has been described previously. G5
–/–

 mice were generously provided by Dr. Jason 

Chen (Virginia Commonwealth University). These three strains of mice were out-bred 

onto the C57BL/6 background for at least 5 generations. Rgs6
–/– 

mice were generated by 

Lexicon Pharmaceuticals using 129SvEvBrd embryonic stem cells. Chimeric offspring 

were mated with C57BL/6 strain and the resulting heterozygous progeny were inbred to 

generate null mutant and wild-type littermates. Mice were housed in groups on a 12h 

light/dark cycle with food and water available ad libitum. All procedures were carried out 

in accordance with the National Institute of Health guidelines and were granted formal 

approval by the Institutional Animal Care and Use Committee of the University of 

Minnesota. All efforts were made to minimize the use of animals in this study, as well as 

their suffering. All animals used in this study were bred on-site.  

Cell culture and transfections—HEK293FT cells were obtained from Invitrogen 

(Carlsbad, CA) and cultured at 37°C
 
and 5% CO2 in DMEM (Dulbecco’s Modified Eagle 

Medium; GIBCO) supplemented with 100 units of penicillin and 100 mg of 

streptomycin, 10% FBS, 1x MEM non-essential amino acids (GIBCO; Carlsbad, CA), 1 

mM sodium pyruvate and
 

4 mM L-glutamine. Cells were transfected at ~70% 

confluency, using Lipofectamine LTX (Invitrogen) according to the manufacturer’s 

protocol. The ratio of Lipofectamine to DNA used was 6.25 l : 2.5 g per 10 cm
2
 cell 
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surface. Cells were grown for 24-48 hours post-transfection. Equal amounts of each 

construct were transfected, balanced when necessary by empty pcDNA3.1 vector.  

Immunoprecipitation assays and Western blotting—Cellular and tissue lysates 

were prepared in immunoprecipitation (IP) buffer (1XPBS (Fisher Scientific), 150 mM 

NaCl, 1% Triton X-100, protease inhibitors (Roche; Indianapolis, IN) and centrifuged for 

15 min at 14,000 x g. Protein concentration was determined in the resulting extracts using 

BSA assay (Pierce; Rockford, IL) and equal amounts of protein were incubated with 3 g 

of antibodies and 10 l of protein G beads (GE Healthcare; Waukesha, WI) for 1 h at 

4
0
C. After 3 washes with ice-cold IP buffer proteins bound to the beads were eluted with 

SDS-sample buffer. Eluates were resolved on 12.5% SDS-PAGE gel, transferred onto 

PVDF membrane (Millipore (Billerica, MA)) and subjected to Western blot analysis 

using HRP conjugated secondary antibodies and an ECL West Pico (Pierce) detection 

system.  For quantification, samples were analyzed by infrared Western blotting using 

IRDye680 and IRDye800 labeled secondary antibodies (Li-Cor Biosciences; Lincoln, 

NE) according to the manufacturer's protocol. Detection and quantification of specific 

bands was performed on an Odyssey Infrared Imaging System (Li-Cor Biosciences). The 

integrated intensity of each band of interest was measured in a corresponding channel 

with a top-bottom background setting.  

Whole-cell electrophysiology—Primary cultures of atrial myocytes were 

generated from neonatal mice (P2-4) as described [210, 239], using the Neonatal 

Cardiomyocyte Isolation System (Worthington Biochemical Corp., Lakewood, NJ).  

Atrial myocytes were used for electrophysiological analysis after 1-3 d in culture.  

Sinoatrial nodal cells were isolated from adult mice (3 months) as described [89], and 
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used within 8 h of isolation.  In brief, hearts were excised into Tyrode’s solution (in mM): 

140 NaCl, 5.4 KCl, 1.2 KH2PO4, 1.0 MgCl2, 1.8 CaCl2, 5.5 glucose, 5 HEPES, pH 7.4 

with NaOH.  The sinoatrial node (SAN) was identified as the narrow band of tissue 

located on the inner wall of the right atrium, medial to the crista terminalis and between 

the superior and inferior vena cava.  Two incisions were made to the superficial side of 

the superior and inferior vena cava, followed by a longer cut along the outer atrial wall, to 

expose the SAN region.  SAN-containing tissue was excised into a modified Tyrode’s 

solution containing (in mM): 140 NaCl, 5.4 KCl, 1.2 KH2PO4, 0.2 CaCl2, 50 taurine, 18.5 

glucose, 5 HEPES, 0.1% BSA, pH 6.9 with NaOH, with elastase (0.3 mg/ml; 

Worthington Biochemical Corp.) and collagenase II (0.21 mg/ml; Worthington 

Biochemical Corp.).  SAN tissue was digested at 37°C for 30 min, with occasional 

inversion, and then washed three times in a solution containing (in mM): 100 L-glutamic 

acid/potassium salt, 10 L-aspartic acid/potassium salt, 25 KCl, 10 KH2PO4, 2 MgSO4, 20 

taurine, 5 creatine, 0.5 EGTA, 20 glucose, 5 HEPES, 0.1% BSA, pH 7.2 with KOH.  

SAN tissue was then triturated in the wash solution and plated onto poly-L-lysine coated 

coverslips for electrophysiological studies.  

Coverslips containing atrial myocytes or SAN cells were transferred to a chamber 

containing a low-K
+
 bath solution (in mM): 140 NaCl, 4 KCl, 2 CaCl2, 2 MgCl2, 10 D-

glucose, 10 HEPES/NaOH (pH 7.4).  Cardiac cells were visualized using an Olympus IX-

70 microscope.  The dominant population of atrial myocytes with spherical shape (typical 

capacitance, 10-20 pF) was targeted for this study.  SAN cells were identified as the thin 

striated cells exhibiting spontaneous contractions (typical capacitance, 25-40 pF) (see 

Fig. 4.6A, inset).  Membrane potentials and whole-cell currents were measured with 
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hardware (Axopatch-200B amplifier, Digidata 1320) and software (pCLAMP v. 9.2) 

from Molecular Devices (Sunnyvale, CA).  Borosilicate patch pipettes (3-5 MΩ) were 

filled with (in mM): 130 gluconate, 2 MgCl2, 1.1 EGTA/KOH (pH 7.2), 5 HEPES/KOH 

(pH 7.2), 2 Na2ATP, 5 phosphocreatine, 0.3 Na-GTP. 

Upon achieving whole-cell access, input resistance, capacitance, and resting 

membrane potentials were measured.  Neonatal atrial myocytes and SAN cells from wild-

type and knockout mice did not differ with respect to these parameters.  CCh-induced 

currents were measured at a holding potential of -70 mV using a high-K
+
 bath solution 

(in mM): 120 NaCl, 25 KCl, 2 CaCl2, 2 MgCl2, 10 D-glucose, 10 HEPES/NaOH (pH 

7.4).  The high-K
+
 bath solution (+/-CCh) was applied with an SF-77B rapid perfusion 

system (Warner Instruments, Inc.; Hamden, CT).  In pilot studies, we found no difference 

in current amplitudes evoked by 10 and 100 M CCh, irrespective of genotype or cell 

type.  As such, 10 M CCh was taken as the saturating CCh concentration for these 

studies.  All currents were low-pass filtered at 1 kHz, sampled at 2 kHz, and stored on 

computer hard disk for analysis.  Steady-state current amplitudes were measured for each 

experiment by subtracting the baseline current from the current measured just prior to the 

return to drug-free solution.  Activation and deactivation time constants were extracted 

from appropriate regions of current traces, which were fit with a 1-term Boltzmann 

equation using the Levenberg-Marquardt search method, sum of squared errors 

minimization method, and no weighting (Fig. 4.1).  Only those experiments for which the 

access resistances were stable and low (<15 MΩ) were included in the final analysis. 
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Figure 4.1. Depiction of measured parameters for the whole-cell CCh-induced 

current studies.  A typical response of a wild-type neonatal atrial myocyte to 10 M 

CCh is shown, with the horizontal line showing the duration of CCh application.  Current 

amplitude and density determinations involved steady-state currents, measured relative to 

baseline just prior to the removal of CCh.  Shaded rectangles identify the regions of the 

trace used for determination of current activation and deactivation kinetics.  The fit 

curves, derived from a 1-term standard Boltzmann equation, are shown overlayed on the 

expanded parts of the trace (bottom).   
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Telemetry—Wild-type (n=5) and Rgs6
–/–

 (n=5) littermates aged 4-5 months were 

used for in vivo ECG monitoring. Biopotential telemetry transmitters ETA-F10 (Data 

Sciences International; Saint Paul, MN) were implanted intraperitoneally under 

ketamine/xylazine anesthesia (60 and 12 mg/kg correspondently). ECG leads were 

externalized and abdominal wall was closed with Prolene 5-0 (Ethicon; Somerville, NJ) 

incorporating suture rib of the transmitter into the closure. ECG leads were tunneled 

under the skin into lead II position and sutured to the abdominal wall by Prolene 5-0. 

Skin incisions were closed using Vicryl 5-0 (Ethicon). Upon termination of anesthesia, 

animals received a single intraperitoneal injection of ketoprofen (5 mg/kg), followed by 

administration of ibuprofen and amoxicillin in drinking water during recovery period 

(days 1-10). Upon recovery, recordings were performed in a scheduled manner, for 20 s 

each min, following 1-h acclimation using Dataquest ART 4.2 acquisition software (Data 

Sciences International). On day 11, 6 h of baseline ECG data were recorded. On day 12, 

after 30 min of baseline recording, animals were injected i.p. with 0.9% saline solution 

(10 ml/kg) as a vehicle control. Atropine sulfate was injected 2 h later (1 mg/kg, i.p.; 

Hospira, Lake Forest, IL), followed by 3 h of recording. On day 13, following 30 min of 

baseline recording, animals were injected first with 0.9% saline solution and 2 h later 

with CCh (0.1 mg/kg, i.p.; Acros Organics, Geel, Belgium). Recording proceeded for 3 h, 

after which animals were sacrificed by CO2 inhalation. Transmitters were explanted, 

cleaned with 1% Tergazyme enzymatic detergent (Alconox; White Plains, NY), sterilized 

with Cidex activated dialdehyde solution (Ethicon), and reused.  

Statistical Analysis—Statistical analyses were performed using Prism (GraphPad 

Software, Inc.; La Jolla, CA) and SigmaPlot 11 (Systat Software Inc; San Jose, CA). 
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EC50 values were calculated with the Hill coefficient set to 1. The impact of genotype on 

CCh-induced current responses (steady-state current density and kinetics) was evaluated 

using one-way (single-saturating concentration study) and two-way (concentration-

response study) ANOVA. The impact of genotype on CCh- and atropine-induced heart 

rate response was evaluated using two-way (time-response study) ANOVA. Tukey’s 

Multiple Comparison (one-way ANOVA) and Bonferroni (two-way ANOVA) post hoc 

tests were used as appropriate.  For all analyses, the level of significance was set at P < 

0.05. 

 

Results  

  Profiling RGS6 protein expression across mouse tissues revealed its readily 

detectable levels in the heart in addition to abundant presence in the brain (Fig. 4.2A and 

Fig. 4.3). RGS6 protein was enriched in atria, where it was found predominantly in 

myocytes (Fig. 4.4), consistent with a recent report [240], and similar to the distribution 

of GIRK1, an integral subunit of IKACh (Fig. 4.2B).  To begin exploring the role of Rgs6 

in cardiac physiology, we obtained Rgs6
–/–

 mice where exons 5 to 7 encoding the critical 

N-terminal portion of the protein were eliminated (Fig. 4.2C,D). Immunoblotting verified 

the complete absence of RGS6 protein in the hearts of Rgs6
–/–

 mice (Fig. 4.2E). 

  RGS6 interacts with the type 5 G protein  subunit (G5) and the R7 binding 

protein (R7BP) in the CNS [132] (Fig. 4.2F). In the mouse heart, however, only G5 is 

available for the interaction with RGS6 (Fig. 4.2E). RGS6 was undetectable in hearts 

from G5
–/–

 mice, indicating that the physical association with G5 is critical for the 
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expression and/or stability of RGS6 (Fig. 4.2G). Similarly, G5 levels were dramatically 

reduced in the Rgs6
–/–

 heart but not brain, indicating that in the heart RGS6 is the 

predominant RGS bound to G5. No effect on RGS6 or G5 levels was observed upon 

elimination of R7BP or GIRK4. Notably, we detected no compensatory changes in either 

Gi/o proteins or RGS4, a protein previously implicated in regulation of the M2R-IKACh 

signaling [89]. 
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Figure 4.2. RGS6 protein level and complex formation in the mouse heart. A, RGS6 

protein levels across mouse tissues as analyzed by Western blotting. Equal amounts of 

total protein (20 g) were loaded in each lane. Coomasie staining (CBB) was used as a 

loading control. B, RGS6 is co-enriched with GIRK1 in the atria. Atrial (ATR) and 

ventricular (VEN) lysates were analyzed by Western blotting (upper panels). CBB 

staining confirms equal protein loading. Graph: Quantification of RGS6 and GIRK1 

band densities. C, Strategy for Rgs6 ablation by homologous recombination. D, 

Structural organization of Rgs6. Frames designate the deleted region () and recognition 

site of the RGS6 FL antibody (RGS6 FL Ab) used throughout the study. Boxes 

designate known structural domains. E, Co-immunoprecipitation of RGS6 with G5 and 

R7BP from heart and brain tissues. F, Co-dependence of RGS6 and G5 expression in 

the heart and brain as analyzed by Western blotting. 
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Figure 4.3. Quantitative analysis of RGS6 distribution across tissues. RGS6 band 

densities from Western blot experiment presented in Figure 1A have been determined by 

densitometry using Image J software and normalized to the total protein content 

determined from CBB stained gel (Figure 1A). Resulting values representing relative 

abundance of RGS6 proteins across tissues are plotted as a bar graph. 
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Figure 4.4. RGS6 is present in isolated atrial cardiomyocytes. Cardiomyocytes were 

isolated from adult mice as described in the Materials and Methods section above. 

Following lysis in SDS sample buffer, 25 µg of total protein was loaded on the gel. RGS6 

expression was detected by Western blotting with specific anti-RGS6-FL antibodies. 

Brain tissue was used as a control. The absence of the immunoreactivity for the neuronal 

specific marker PSD95 in isolated cardiomyocyte fraction (CM) demonstrate that RGS6 

is predominantly expressed in the myocytes. Protein loading was verified by Coomasie 

Brilliant Blue (CBB) following separation on SDS-PAGE gel. Densitometric analysis of 

the total protein content quantified from the CBB-stained gel is presented in the lower 

panel.   
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  Given the coenrichment of RGS6 and IKACh in atria and the role of R7 RGS/Gβ5 

complexes in G protein–coupled receptor–GIRK signaling in the CNS [146], we next 

measured the impact of Rgs6 ablation on M2R-IKACh signaling in neonatal atrial 

myocytes, which exhibit robust inward current triggered by the nonselective muscarinic 

agonist carbachol (CCh). Whereas CCh evoked currents with comparable potency in 

atrial myocytes from wild-type mice, current deactivation kinetics were notably slower 

across all CCh concentrations tested in myocytes from Rgs6
−/−

 mice (Fig. 4.5). Current 

activation kinetics were also delayed in Rgs6
−/−

 myocytes, although only for the lower 

CCh concentrations tested. 

 We next compared CCh-induced currents in sinoatrial node (SAN) cells, the key 

anatomic substrate for parasympathetic control of heart rate (Fig. 4.6). Although some 

differences in the density and kinetics of CCh-induced responses between adult SAN 

cells and neonatal atrial myocytes were evident, Rgs6 ablation correlated with 

significantly delayed deactivation rates in both cell types. Under the same conditions, no 

differences in CCh-induced steady-state current density or activation kinetics were 

observed between genotypes in either atrial myocytes or SAN cells (Fig. 4.6). 

Furthermore, deletion of Gβ5 replicated prolonged deactivation kinetics seen in Rgs6
−/−

 

myocytes (Fig. 4.6E), indicating that regulation of the M2R-IKACh signaling in heart atria 

is mediated by the RGS6/Gβ5 complex rather than RGS6 by itself. 
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Figure 4.5.  Impact of Rgs6 ablation on M2R-IKACh signaling in atrial myocytes.  A, 

Inward currents evoked by CCh (0.1-10 mol/L) in atrial myocytes from wild-type and 

Rgs6
–/–

 mice.  Scale bars: 15 s/100 pA.  Evoked currents developed gradually at 0.1 

mol/L CCh and saturated at 10 mol/L CCh (responses to 10 mol/L CCh are not 

shown).  Steady-state current densities did not differ between Rgs6
–/–

 (-36±4 pA/pF at 10 

mol/L CCh, n=7) and wild-type (-42±6 pA/pF, n=7) myocytes.  B, Summary of M2R-

IKACh activation kinetics in atrial myocytes from wild-type and Rgs6
-/-

 mice.  Main effects 

of concentration (F3,43=25.5; P<0.001) and genotype (F1,43=13.3; P<0.001) were 

observed, as well as a concentration x genotype interaction (F3,43=4.1; P<0.05).  

Symbols: *** P<0.001 vs. wild-type (within dose).  C, Summary of M2R-IKACh 

deactivation kinetics in atrial myocytes from wild-type and Rgs6
-/-

 mice.  Main effects of 

concentration (F3,44=5.5; P<0.01) and genotype (F1,44=58.9; P<0.001) were observed, and 

there was no concentration x genotype interaction (F3,44=1.7; P=0.17).  Symbols: *
,
** 

P<0.05 and 0.01, respectively, vs. wild-type (within dose).   
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Figure 4.6. Impact of Rgs6 ablation on M2R-IKACh signaling in atrial myocytes and 

SAN cells. A, Inward currents evoked by CCh (10 µmol/L) in atrial myocytes from wild-

type and Rgs6
-/-

 mice.  Scale bars: 5 s/200 pA.  B, Inward currents evoked by CCh (10 

µmol/L) in SAN cells from wild-type and Rgs6
-/-

 mice.  Scale bars: 5 s/400 pA.  Inset: 

image of the wild-type SAN cell evaluated in the adjacent trace.  Summary of steady-

state CCh-induced current density (C), activation kinetics (D), and deactivation kinetics 

(E) in wild-type, Rgs6
-/-

, and G5
-/-

 atrial myocytes (n=5-11 per group), and in wild-type 

and Rgs6
-/-

 SAN cells (n=10-12 per genotype).  Genotype did not impact current density 

(atrial myocytes: F2,21=1.9, P=0.18; SAN cells: t(20)=0.13, P=0.90) or activation kinetics 

(atrial myocytes: F2,21=1.0, P=0.38; SAN cells: t(20)=1.69, P=0.11), but did influence 

deactivation kinetics (atrial myocytes: F2,21=24.8,  P<0.001; SAN cells: t(20)=3.71, 

P<0.01).  Symbols: **
,
 *** P<0.01 and 0.001, respectively, vs. wild-type (within cell 

type).    
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 The striking impact of Rgs6 ablation on M2R-IKACh signaling kinetics in atrial 

myocytes and SAN cells prompted us to test whether RGS6/Gβ5 can physically associate 

with the IKACh channel. In transfected HEK293 cells, we detected robust 

coimmunoprecipitation of the RGS6/Gβ5 complex with GIRK4 but not GIRK1 by both 

forward and reverse precipitation strategies (Fig. 4.7). Thus, the involvement of 

RGS6/Gβ5 in M2R-IKACh signaling is likely aided by a direct protein–protein interaction 

mediated by the cardiac-specific GIRK subunit GIRK4. 

 The delay in IKACh deactivation kinetics triggered by RGS6/Gβ5 elimination is 

expected to enhance M2R-IKACh signaling because the channel would stay open longer, 

which would potentiate the parasympathetic regulation of HR. We addressed this 

possibility by analyzing cardiac function in mice using ECG telemetry, at baseline and 

following pharmacological manipulation. Analysis of ECG traces did not reveal gross 

abnormalities in cardiac physiology in Rgs6
−/−

 mice (Fig. 4.8A and Fig. 4.9). Rgs6
−/−

 

mice did, however, display a mild resting bradycardia (511±13 versus 476±4 bpm, 

P<0.05), consistent with the effect of RGS6/Gβ5 ablation on M2R-dependent signaling in 

atrial myocytes (Fig. 4.8B). Although CCh administration (0.1 mg/kg, IP) triggered a 

rapid decrease in HR in wild-type and Rgs6
−/−

 animals, the effect was significantly larger 

and persisted longer in Rgs6
−/−

 mice (Fig. 4.8C). Similarly, parasympathetic blockade 

with atropine (1 mg/kg, IP) had a positive chronotropic effect in both groups, with a 

significantly larger effect seen in Rgs6
−/−

 mice (Fig. 4.8D). Importantly, there was no 

difference in HR immediately following atropine administration, indicating that the 

bradycardia seen in Rgs6
−/−

 mice results from enhanced intrinsic M2R signaling. 
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Figure 4.7. RGS6/G5 forms a complex with GIRK4. RGS6 and G5 were co-

expressed with either AU1-tagged GIRK4 or AU5-tagged GIRK1 in HEK293 cells. 

Forward and reciprocal co-immunoprecipitation assays were performed as described in 

the Methods using indicated antibodies. Eluates were analyzed using Western blotting.  
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Figure 4.8. Effect of Rgs6 ablation on resting HR and muscarinic regulation. A, 
Baseline ECG recorded during light phase from conscious, unrestrained wild-type (WT, 

n=5) and Rgs6
–/– 

mice (n=5). B, Average HR as determined from the analysis of the ECG 

recordings (6hr).  Symbols: * P<0.05 vs. wild-type. C, Effect of CCh (10 mg/kg, i.p.) on 

HR, analyzed and plotted as simple moving average with a period of 10 min in wild-type 

(closed circles) and Rgs6
−/−

 mice (open circles). HR at 0 min corresponds to the 30-min 

average baseline HR on the day of the experiment. Two-way ANOVA analysis (genotype 

and time) of the 120-min post-injection interval revealed main effects of genotype 

(F1,104=21.6; P<0.001). D, Effect of atropine (1 mg/kg, i.p.) on HR, analyzed and plotted 

as simple moving averages with a period of 10 min in wild-type (closed circles) and 

Rgs6
−/−

 mice (open circles). No significant difference in HR was observed during the 60-

min post-injection interval (F1,56=0.02; P=0.89).  
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Figure 4.9. Quantitative analysis of ECG intervals in Rgs6
–/–

 mice. A, Representative 

ECG trace obtained from Rgs6
–/–

 mice. Peaks and intervals used for the quantitative 

analysis are annotated. B, Quantitative analysis of the ECG traces. Data derived from the 

analysis of total 500 representative traces from 3 to 5 mice of each genotype. Values were 

averaged separately for each animal. Group sizes were defined as a number of unique 

animals used for the analysis (n=3-5). Errors are s.e.m. values.   
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Discussion 

Here, we report that RGS6/Gβ5 negatively regulates M2R-IKACh signaling in atrial 

myocytes by accelerating IKACh deactivation kinetics. These observations, together with 

the effect of Rgs6 ablation on HR and responses to pharmacological manipulation, 

indicate that RGS6/Gβ5 represents a key node of regulation in the parasympathetic 

control of cardiac output. Because dysregulation of the parasympathetic tone by 

deficiencies in IKACh function is increasingly accepted as a major factor in the 

pathogenesis of the atrial fibrillation [204], our study introduces RGS6/Gβ5 complex as 

an attractive candidate for better understanding of cardiac pathophysiology and 

development of corrective therapies. 

RGS6 belongs to the R7 family of RGS proteins, members of which were thought 

to be expressed exclusively in the nervous system, where they play roles in nociception, 

vision, reward behavior and locomotion [132]. Although RGS6 expression was reported 

previously in the heart [135, 240, 241], our study documents for the first time the 

functional relevance of RGS6 to cardiac physiology. In the CNS, RGS6 forms complexes 

with 2 proteins, Gβ5 and R7BP, that specify its stability, subcellular distribution, and 

activity [132]. Here, we show that cardiac RGS6 forms a complex with Gβ5, but not with 

R7BP which is undetectable in the heart. The obligate and functionally relevant nature of 

the RGS6/Gβ5 interaction was underscored by the mutual dependence of RGS6 and Gβ5 

levels on their coexpression and the phenotypic similarities in M2R-IKACh signaling in 

myocytes from Rgs6
−/−

 and Gβ5
−/−

 mice. In neurons, Gβ5 recruits R7 RGS proteins to 

GIRK channels, resulting in accelerated channel kinetics associated with GABAB 

receptor activation [146]. Thus, the present work reveals the conservation of this 
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compartmentalization mechanism by showing that RGS6/Gβ5 can likewise regulate 

M2R-IKACh signaling. 

Previous work has identified RGS4 as a critical regulator of M2R-IKACh signaling 

in sinoatrial nodal cells [89]. Indeed, the deficiencies in M2R-IKACh signaling linked to 

Rgs6 ablation reported herein are reminiscent of those reported in Rgs4
−/−

 mice [89]. 

Therefore, murine sinoatrial nodal cells may use parallel approaches involving RGS4 and 

RGS6/Gβ5 to regulate M2R-IKACh signaling. It is possible, for example, that RGS4 and 

RGS6/Gβ5 selectively regulate different G protein subtypes involved in IKACh gating. 

Indeed, studies with knock-in mice expressing RGS-insensitive G proteins reveal a 

differential contribution of Gαi2 and Gαo to M2R-dependent actions [232, 233]. 

Furthermore, RGS6/Gβ5 shows selectivity toward Gαo over Gαi2 in vitro [242]. However, 

whereas the role of Gαi2 in mediating M2R-IKACh coupling is well established [233], the 

involvement of Gαo in this process is less certain. Moreover, it remains possible that 

other proteins of the more than 30-member RGS family also play roles in this regulation. 

Delineating the mechanisms of the functional involvement of RGS proteins in controlling 

M2R-IKACh signaling in the mouse models and their relevance to human physiology will 

serve as an exciting direction for future research. 
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CHAPTER 5 

 

RGS6, but not RGS4, is the dominant regulator of G protein signaling 

(RGS) modulator of the parasympathetic regulation of mouse heart rate 
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RGS4, is the dominant regulator of G protein signaling (RGS) modulator of the 

parasympathetic regulation of mouse heart rate. J. Biol. Chem. 2014: 289(4):2440-9.  
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Introduction  

  Cardiac output reflects a balance between input from the parasympathetic and 

sympathetic branches of the autonomic nervous system. Parasympathetic tone is 

dominant under resting conditions, slowing heart rate (HR) by decreasing spontaneous 

pacemaker activity of the sino-atrial node (SAN) [243, 244]. Excessive parasympathetic 

influence can lead to atrioventricular block, and dysregulation of parasympathetic activity 

has been linked to sinus node dysfunction and arrhythmia [232, 245, 246]. The 

importance of parasympathetic regulation to cardiac physiology and pathophysiology has 

prompted much interest in characterizing the molecular basis of parasympathetic actions 

in the heart.  

  The negative chronotropic effect of acetylcholine (ACh) is largely mediated by 

activation of M2 muscarinic receptors (M2R) and inhibitory (Gi/o-dependent) G protein 

signaling in SAN cells [243, 244]. Activated Gi/o G proteins inhibit adenylyl cyclase, 

leading to suppression of hyperpolarization-activated cyclic nucleotide gated cation 

channels and L-type Ca
2+

 channels, while activating the muscarinic-gated atrial K
+
 

channel IKACh [243, 244]. IKACh is a tetramer formed by GIRK1/Kir3.1 and GIRK4/Kir3.4 

subunits [69], and is found in SAN cells, atrial myocytes, and atrioventricular node cells 

[243]. IKACh activation accounts for a substantial fraction of the negative chronotropic 

influence of parasympathetic stimulation on HR in mice [205]. Moreover, loss of this 

signaling pathway correlates with elevated resting HR, a decrease in heart rate variability 

(HRV), resistance to pacing-induced arrhythmia, and protracted recovery times from 

stress, physical activity, and direct sympathetic stimulation [205, 210, 247, 248]. 
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  The parasympathetic regulation of HR, and M2R-IKACh signaling in cardiac 

myocytes, is negatively-modulated by Regulator of G protein Signaling (RGS) proteins 

[232, 233, 249, 250]. RGS6, in complex with the atypical G subunit G5 (RGS6/G5), 

has been implicated in the parasympathetic regulation of HR [251, 252]. Indeed, Rgs6
–/–

 

mice exhibited slower resting HR, enhanced sensitivity to M2R-dependent bradycardia, 

elevated HRV, and enhanced M2R-IKACh signaling characterized primarily by a prominent 

slowing of current deactivation [251-253]. Moreover, a loss-of-function mutation in the 

human RGS6 gene correlated with elevated HRV [253], and an RGS6 polymorphism 

correlated with altered HR recovery after exercise [254]. 

  Interestingly, RGS4 was the first RGS protein implicated in the parasympathetic 

regulation of HR and modulation of M2R-IKACh signaling in SAN cells [89, 207]. Indeed, 

the isolated heart and SAN cell phenotypes reported in Rgs4
–/–

 and Rgs6
–/–

 mice related to 

parasympathetic HR regulation and M2R-IKACh signaling were virtually identical [251, 

252], suggesting the possibility that SAN cells employ parallel RGS4- and RGS6/G5-

dependent mechanisms to modulate the parasympathetic regulation of HR. To test this 

hypothesis, we generated mice lacking both RGS4 and RGS6, and evaluated the impact 

of single or dual RGS ablation on parasympathetic HR regulation and M2R-IKACh 

signaling in SAN cells. Our findings argue that RGS6/G5 provides the dominant RGS 

influence on parasympathetic regulation of HR in the mouse. 

 

Materials and Methods 

Animals––Rgs4
–/–

 mice (B6;129P2-Rgs4
tm1Dgen

/J) were purchased from Jackson 

Labs (Bar Harbor, ME). The generation of Rgs6
–/– 

mice was described previously [252]. 
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Mice were housed in groups on a 12-h light/dark cycle with food and water available ad 

libitum. All procedures were approved by Institutional Animal Care and Use Committees 

of the University of Minnesota and The Scripps Research Institute. 

qRT-PCR––RGS4 expression in the SAN and hippocampus from wild-type and 

Rgs4
–/–

 mice was compared using quantitative RT-PCR. Intact hippocampi were 

extracted from freshly-isolated brain tissue, and total RNA was isolated using Trizol, 

according to manufacturer’s recommendations (Invitrogen; Carlsbad, CA), and treated 

with recombinant DNase I (Roche; Indianapolis, IN). Total RNA from mouse heart (SAN 

and left atria) was isolated using RNeasy Fibrous Tissue Mini Kit (Qiagen; Germantown, 

Maryland). Reverse transcription was performed using iScript™ cDNA Synthesis Kit 

(Bio-Rad Laboratories; Hercules, CA). The qPCR was performed on a LightCycler® 480 

II in a final volume of 20 L, with LightCycler® 480 SYBR Green I Master kit (Roche 

Applied Science; Indianapolis, IN). After pre-incubation at 95°C for 5 min, amplification 

consisted of 45 cycles of 10 s denaturation at 95°C, followed by annealing (30 s) at 60°C 

and extension (10 s) at 72°C. Intron-spanning RGS4 primer sets were as follows: set A 

(A+: 5’-gtcggaatacagcgaggagaac-3’, A-: 5’-ggaag gattggtcaggtcaagatag-3’), set B (B+: 

5’-ttcaccatgaa tgtggactggca-3’, B-: 5’-gtccaggttcacctcttttgttgc-3’). All samples were 

tested in triplicate; the average of replicates was used in the data analysis. GAPDH 

(Mm_Gapd_2_SG QuantiTect primers; Qiagen) was used as internal control in each test. 

Quantitative immunoblotting––Preparation of hippocampal neuron cultures was 

described previously [220]. After 10 days, cultures were treated with vehicle (DMSO) or 

50 M MG132 (American Peptide Company; Sunnyvale, CA) for 6 h. Neurons were 

lysed in RIPA buffer containing protease inhibitors (10 mg/mL pepstatin A, 10 mg/mL 
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aprotinin, 10 mg/mL PMSF, 1 mg/mL leupeptin, and 50 M MG132) and incubated on 

ice for 20 min. Lysates were centrifuged for 15 min at 16,000 x g at 4°C. The supernatant 

was mixed with 4X SDS sample buffer, heated to 75°C, and then stored at 4°C. DTT was 

added to each sample to a final concentration of 0.2 M. Samples were then heated at 75°C 

for 10 min, loaded onto 12% Bis-Tris gels, and run in a Tris-glycine buffer. Samples 

were transferred to nitrocellulose membranes and blocked in 5% milk for 1 h. Primary 

antibodies against RGS4 (EMD Millipore; Billerica, MA) and β-actin (Abcam; 

Cambridge, MA) were diluted in 5% milk to 1:200 and 1:10,000, respectively, and then 

incubated overnight at 4°C with shaking. Blots were washed 3X with PBS+0.1% Tween-

20 and then incubated with IRDye 680CW donkey anti-rabbit and IRDye 800CW donkey 

anti-mouse secondary antibodies (Li-Cor Biosciences; Lincoln, NE), diluted 1:2000 and 

1:5000 in 5% milk, respectively, for 1 h at room temperature with shaking. After 3 more 

washes in PBS+0.1% Tween-20, blots were developed using an Odyssey Infrared 

Imaging System (Li-Cor Biosciences); integral band intensities were measured using Li-

Cor Odyssey software.  

Ex vivo cardiac physiology––Mice (8-12 wks) were heparinized (100 IU) and 

anesthetized using isoflurane (Halocarbon; River Edge, NJ). Hearts were rapidly excised 

and immediately cannulated for retrograde aortic perfusion in a constant pressure mode 

(60 mmHg) with modified Krebs-Henseleit buffer containing (in mM): 118.5 NaCl, 25 

NaHCO3, 4.7 KCl, 1.2 KH2PO4, 11 D-glucose, 1.2 MgSO4, 1.8 CaCl2, 2 sodium 

pyruvate. The buffer solution was filtered (0.22 m) and saturated with 95% O2-5% CO2 

at 38C. Hearts were allowed to stabilize for 30 min, and were excluded from 

pharmacological experiments and HRV analysis if any of the following was present: (i) 
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persistent arrhythmia >5 min, (ii) HR below 250 bpm, (iii) stable steady-state HR not 

attained within the first 20 min. Hearts with signs of ischemia upon dismounting from the 

apparatus were also excluded. Ex vivo data were acquired using the PowerLab data 

acquisition system (ADInstruments; Colorado Springs, CO) and digitized at a sampling 

rate of 2 kHz. LabChart Pro v.7 software with HRV and dose-response plug-ins 

(ADInstruments) was used for all data analysis. Basal HRs were quantified within a 10 

min window using the HRV plug-in of LabChart Pro v7 as described below. The HR 

response to various doses of CCh was measured as the 7-min average following the 

beginning of drug application. Effect of CCh in isoproterenol (Iso)-treated hearts was 

evaluated in a similar manner. After stabilizing the hearts with Krebs-Henseleit buffer 

perfusion they were treated with 50 nM Iso alone (to establish the appropriate baseline) 

or in combination with increasing doses of CCh. All drugs were added to the perfusate 

immediately prior to the start of the treatment to minimize effects on stability and 

concentration. The HR response was measured as the 7-min average following the 

beginning of drug application (CCh+Iso) or the beginning of the response plateau (Iso 

alone). 

HRV analysis––A “maximum after threshold” algorithm was used for R peak 

detection. Noisy data segments and ectopic beats were manually excluded from analysis. 

Signal pre-processing, threshold and retrigger delay values were altered when necessary 

to ensure all the peaks within the selected window were labeled correctly. All HRV 

parameters were analyzed in the 5-min interval preceding drug treatment for isolated 

hearts, or over a 5 min total of appended consecutive intervals of telemetry recording 

(baseline), or within the last 5-min window of drug application for isolated hearts. For 
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time domain analysis, the following parameters were calculated: mean normal-to-normal 

interval (NN, ms), standard deviation of all NN intervals (SDNN, ms), and square root of 

the mean square of successive differences between adjacent NN intervals (RMSSD, ms). 

Frequency domain analysis was done with FFT (Fast Fourier Transformation) size of 

1024 and a Welch window with half overlap. Frequency bands were defined as follows: 

0.4-1.5 Hz, low frequency (LF); 1.5-5 Hz, high frequency (HF). Power in each band and 

total power (TP, 0.0-10 Hz; ms
2
) were calculated. LF and HF were also expressed in 

normalized units (nu; (LF or HF)x100/(TP-VLF)), and LF/HF ratio was determined.    

SAN preparation and electrophysiology––SAN cells were isolated from adult 

mice (2-3 months) as described [89], and used within 8 h of isolation. In brief, hearts 

were excised into Tyrode’s solution (in mM): 140 NaCl, 5.4 KCl, 1.2 KH2PO4, 1.0 

MgCl2, 1.8 CaCl2, 5.5 glucose, 5 HEPES, pH 7.4 with NaOH. The SAN was identified as 

the narrow band of tissue located on the inner wall of the right atrium, medial to the crista 

terminalis and between the superior and inferior vena cava. Two incisions were made to 

the superficial side of the superior and inferior vena cava, followed by a longer cut along 

the outer atrial wall, to expose the SAN region. SAN-containing tissue was excised into a 

modified Tyrode’s solution containing (in mM): 140 NaCl, 5.4 KCl, 1.2 KH2PO4, 0.2 

CaCl2, 50 taurine, 18.5 glucose, 5 HEPES, 0.1% BSA, pH 6.9 with NaOH, with elastase 

(0.3 mg/mL; Worthington Biochemical Corp., Lakewood, NJ) and collagenase II (0.21 

mg/mL; Worthington). SAN tissue was digested at 37°C for 30 min and then washed 

three times in a solution containing (in mM): 100 L-glutamic acid/potassium salt, 10 L-

aspartic acid/potassium salt, 25 KCl, 10 KH2PO4, 2 MgSO4, 20 taurine, 5 creatine, 0.5 

EGTA, 20 glucose, 5 HEPES, 0.1% BSA, pH 7.2 with KOH. SAN tissue was then 
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triturated in wash solution and plated onto poly-L-lysine coated coverslips. Coverslips 

containing SAN cells were transferred to a perfusion chamber and electrophysiological 

recordings were conducted as described [252, 253]. SAN cells targeted for 

electrophysiological characterization were spindle-shaped, striated, and in most cases, 

exhibited spontaneous beating. Most experiments used a fast-step perfusion system to 

allow for fast application and removal of CCh (within 100 ms) and have been described 

previously [252, 253]. A small subset of experiments was done with gravity-flow 

perfusion of CCh (within 10-20 s). 

Analysis––Statistical analyses were performed using Prism 5 (GraphPad 

Software, Inc.; La Jolla, CA) and SigmaPlot 11 (Systat Software Inc; San Jose, CA). 

Non-linear fitting of dose-response data, Hill co-efficient analysis, and EC50 analysis 

were all done with Prism 5 software using the least squares fitting method. The impact of 

genotype on CCh-induced current responses (steady-state current density and kinetics) 

was evaluated using 1-way (single-saturating concentration study) and 2-way 

(concentration-response study) ANOVA. The impact of genotype on CCh-induced HR 

response was evaluated using two-way (time-response study) ANOVA. Activation and 

deactivation kinetics were determined by fitting regions of current traces with a 1-term 

Boltzmann equation as described previously [252]. Newman-Keuls Multiple Comparison 

(one-way ANOVA) and Bonferroni (two-way ANOVA) post hoc tests were used as 

appropriate. The level of significance was set at P<0.05.  
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Results 

Characterization of Rgs4
–/–

 mice 

  We acquired the Rgs4 mutant strain B6;129P2-Rgs4
tm1Dgen

/J (The Jackson 

Laboratory; Bar Harbor, ME) used previously to implicate RGS4 in the parasympathetic 

regulation of heart rate (HR) [89]. This strain harbors a lacZ-containing insert (LacO-SA-

IRES-lacZ-Neo555G/Kan) that spans part of exons 1 and 2, resulting in the loss of 58 

base pairs of coding sequence (and intervening intronic sequence), predicted to result in a 

frame shift and early truncation of RGS4 (Fig. 5.1A,B). Sequencing of the amplicon 

generated in mutant mice using the supplier’s genotyping conditions confirmed the 

presence of a foreign DNA element positioned between exon 1 and 2 in the Rgs4 gene 

(not shown).  

  We probed the levels of residual RGS4-like mRNAs in tissue samples from the 

heart (SAN and left atria) and brain (hippocampus) from RGS4 mutant mice. We used 

two distinct intron-spanning primer pairs targeting sequence in exons 3-5, which encodes 

the catalytic domain of RGS4, including one pair (“A”) used previously to characterize 

RGS4 expression in B6;129P2-Rgs4
tm1Dgen

/J mice [89]. Residual RGS4 expression levels 

were 10-100-fold lower in tissue samples from B6;129P2-Rgs4
tm1Dgen

/J mice than in 

corresponding wild-type samples (Fig. 5. 1C). 

  RGS4 protein is difficult to detect in cells as it is efficiently degraded via the 

ubiquitin-dependent N-end rule pathway [255, 256]. Indeed, we were unable to detect 

recombinant RGS4 by immunoblotting in HEK cells transfected with RGS4 unless cells 

were pre-treated with the proteasome inhibitor MG132 (not shown). Thus, we used 

MG132 pre-treatment to probe for RGS4 protein in hippocampal cultures from wild-type 
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and B6;129P2-Rgs4
tm1Dgen

/J mice. While RGS4 was observed in MG132-treated wild-

type cultures, no immunoreactive band was seen in cultures from RGS4 mutant mice 

(Fig. 5.1D,E). Collectively, these data indicate that the Rgs4 gene is targeted as described 

B6;129P2-Rgs4
tm1Dgen

/J mice (hereafter referred to as Rgs4
–/–

 mice), yielding a dramatic 

reduction in mRNA levels and no detectable residual RGS4 protein. Rgs4
–/–

 mice were 

bred with Rgs6
–/–

 mice to generate mice lacking both RGS4 and RGS6 (Rgs4
–/–

:Rgs6
–/–

); 

Rgs4
–/–

:Rgs6
–/– 

mice were viable and did not display obvious phenotypic abnormalities. 
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Figure 5.1. Characterization of Rgs4
–/–

 mice. A) Schematic depiction of the Rgs4 gene, 

which consists of 5 exons (rectangles, with corresponding number labels below). The 

translation initiation (ATG) and termination (STOP) codons are shown as forward (►) 

and reverse (◄) flags, respectively. The gray shaded regions in exons 1 and 2 (along with 

intervening intronic sequence) was replaced with the LacZ-containing cassette (LacO-

SA-IRES-LacZ-Neo555G/Kan) to generate B6;129P2-Rgs4
tm1Dgen

/J mice. B) Schematic 

depiction of RGS4 mRNA, with exon boundaries denoted by vertical lines and numbers. 

The gray shaded domain between boxes 1 and 2 corresponds to the 58-bp fragment of 

coding sequence missing in the RGS4 mutant mice. Highlighting across boxes 3-5 shows 

the location of coding sequence for the catalytic (RGS) domain of RGS4. Arrows denote 

the positions and identities of the primer sets (A+/-, B+/-) used for qRT-PCR. C) qRT-

PCR analysis of RGS4 expression in cardiac tissue (SAN and left atria) and hippocampus 

from wild-type and B6;129P2-Rgs4
tm1Dgen

/J mice, using the primer sets depicted in B. 

Expression levels were normalized within samples to GAPDH (levels of which were 

comparable in all tissues examined), and to wild-type samples for each primer set. 

Symbols: *** P<0.001 vs. wild-type (within tissue and primer set by t-test). D) 

Immunoblotting for RGS4 in primary hippocampal cultures (10 DIV) from wild-type and 

B6;129P2-Rgs4
tm1Dgen

/J mice. Cultures were pre-treated with MG132 (50 M) for 6 h 

prior to protein isolation. E) Quantification of RGS4 immunoblotting data (n=3 separate 

experiments). A significant impact of group was observed (F3,11=29.8; P<0.001). 

Symbols: ***P<0.001 vs. wild-type (untreated). 
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Impact of RGS ablation: isolated hearts 

  We first compared the contributions of RGS4 and RGS6 to automaticity and HRV 

using a retrogradely-perfused Langendorff heart preparation. Basal HR in hearts from 

Rgs6
–/–

 mice was significantly lower than measured in wild-type counterparts, consistent 

with published observations [252, 253], while HR in hearts from Rgs4
–/–

 mice was 

normal (Fig. 5.2A). Interestingly, HR measured in hearts from Rgs4
–/–

:Rgs6
–/–

 was also 

normal. Using time- and frequency-based analyses to compare HRV across genotypes 

[253], we observed that HRV was significantly elevated in hearts from Rgs6
–/–

 mice 

(Table 5.1), whereas all HRV measures in Rgs4
–/–

 mice were normal. Similar to the 

effect on HR, concurrent RGS4 ablation rescued in part the HRV abnormalities seen in 

hearts from Rgs6
–/–

 mice. 

  We next evaluated the impact of RGS ablation on the bradycardic effects of the 

cholinergic agonist carbachol (CCh) (Fig. 5.2B). CCh suppressed HR in all genotypes, 

though differences in sensitivity were evident (Fig. 5.2C). The IC50 for CCh-induced 

bradycardia was nearly 10-fold lower in Rgs6
–/–

 hearts (31±6 nM) compared to wild-type 

(219±24 nM). In contrast, CCh sensitivity was normal in hearts from Rgs4
–/–

 mice. The 

dose-response relationship in Rgs4
–/–

 mice was shallower, however, than in other 

genotypes. Finally, the CCh sensitivity of hearts from Rgs4
–/–

:Rgs6
–/–

 mice was 

significantly lower than wild-type and higher than in Rgs6
–/–

 mice, indicating that RGS4 

ablation partially rescued the enhanced CCh sensitivity seen in  Rgs6
–/–

 mice. 
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Figure 5.2. Impact of RGS ablation on HR and CCh-induced bradycardia. A) HR in 

isolated hearts from wild-type (wt) and Rgs
–/–

 mice. A significant effect of genotype on 

HR was observed (F3,94=2.7, P<0.05; n=4-12/genotype). B) Impact of CCh on HR in 

wild-type and Rgs
–/–

 hearts (n=4-8/genotype); data are normalized to baseline HR. A 

significant impact of genotype was observed for normalized HR (F3,101=21.0, P<0.001). 

Hill coefficients for each curve are listed. A significant impact of genotype was observed 

for Hill coefficients (F3,135=3.7, P=0.013). Specifically, Rgs4
–/–

 was significantly 

different from Rgs4
–/–

:Rgs6
–/–

 (*P>0.05). C) IC50 values calculated from dose-response 

curves in B (F3,135=38.1, P<0.001). Symbols: *,***P<0.05 and 0.001, respectively, vs. 

wild-type; 
+++

P<0.001.  
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HRV 

Parameter 

 

Genotype 

 

ANOVA 

wild-type Rgs4
–/–

 Rgs6
–/–

 Rgs4::6
–/–

 

NN range, ms 16.2 ± 1.6 18.2 ± 3.7 30.2 ± 4.8
a
 22.6 ± 7.2 

F3,30=3.0;  

P<0.05 

SDNN, ms 2.70 ± 0.20 3.20 ± 0.43 5.22 ± 0.87
a
 4.06 ± 1.28 

F3,30=3.4; 

 P<0.05 

RMS-SD, ms 1.35 ± 0.28 1.20 ± 0.29 3.90 ± 1.13 2.31 ± 1.30 
F3,30=2.7; 

 P=0.06 

TP, ms
2
 5.2 ± 0.9 8.7 ± 2.2 29.0 ± 8.5

a
 17.5 ± 10.0 

F3,30=3.8; 

 P<0.05 

VLF, ms
2
 4.2 ± 0.8 7.7 ± 1.9 18.2 ± 5.8 11.5 ± 5.5 

F3,30=2.7;  

P=0.06 

LF, ms
2
 0.48 ± 0.17 0.68 ± 0.39 4.50 ± 1.94 3.53 ± 3.25 

F3,30=2.1;  

P=0.12 

LF norm 49.9 ± 3.8 51.7 ± 8.0 48.6 ± 5.4 46.5 ± 5.1 
F3,30=0.1;  

P=0.96 

HF, ms
2
 0.54 ± 0.17 0.32 ± 0.11 6.26 ± 3.49 2.54 ± 2.25 

F3,30=1.7;  

P=0.19 

HF norm 50.1 ± 3.8 48.2 ± 8.0 51.4 ± 5.4 51.2 ± 4.5 
F3,30=0.1; 

 P=0.98 

LF/HF 1.13 ± 0.17 1.82 ± 0.86 1.44 ± 0.54 1.00 ± 0.17 
F3,30=0.4; 

 P=0.75 

 

 

 

 

 

 

 

 

 

 

Table 5.1. HRV analysis of wild-type and Rgs
–/–

 hearts. Baseline HRV analysis of 5-

min recordings from 4-12 mice per genotype (8-16 wk). Abbreviations: NN range, range 

of intervals between successive heart beats; SDNN, standard deviation of NN intervals; 

RMS-SD, square root of the mean squared difference of successive NNs; TP, total power 

(0-10 Hz); VLF, very low frequency (0-0.4 Hz); LF, low frequency (0.4-1.5 Hz); LF 

norm, 100*[LF/(TP-VLF)]; HF, high frequency (1.5-5 Hz); HF norm, 100*[HF/(TP-

VLF)]; LF/HF, ratio of LF to HF. Results of corresponding ANOVAs are indicated in the 

right column; pair-wise comparisons were made using Tukey’s HSD test, when 

appropriate. Symbols: 
a
P<0.05 vs. wild-type. 
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Impact of RGS ablation: M2R-IKACh signaling in SAN cells 

  We next examined the impact of RGS ablation on M2R-IKACh signaling in SAN 

cells (Fig. 5.3). Previous studies have shown that Girk4 gene ablation completely 

eliminated the whole-cell inward currents induced by CCh in SAN cells, confirming the 

IKACh-dependence of the response [248, 253]. No significant genotype-dependent 

differences in peak or steady-state CCh-induced IKACh currents were observed in response 

to a saturating CCh concentration (10 M) (Fig. 5.3A,B), though responses seen in cells 

from Rgs4
–/–

 mice tended to be larger. Similarly, no genotype-dependent difference in 

acute desensitization was found (Fig. 5.3E). Consistent with previous reports [251, 252], 

M2R-IKACh current deactivation rate was profoundly slower in Rgs6
–/–

 SAN cells, and a 

modest but significant slowing of current activation was also seen (Fig. 5.3C,D). In 

alignment with results from the isolated heart study, CCh-induced IKACh currents in Rgs4
–

/–
 cells exhibited normal activation and deactivation kinetics, and concurrent RGS4 

ablation partially rescued M2R-IKACh kinetic deficits seen in Rgs6
–/–

 cells.  

  We also evaluated the sensitivity of M2R-IKACh signaling in SAN cells from wild-

type and Rgs
–/–

 mice. The EC50 values for IKACh activation by CCh in wild-type and Rgs4
–

/– 
SAN cells were indistinguishable (Fig. 5.3F,G). In contrast, the M2R-IKACh signaling 

pathway in SAN cells from Rgs6
–/–

 mice was ~5-fold more sensitive to CCh. The EC50 

measured in Rgs4
–/–

:Rgs6
–/–

 SAN cells was slightly larger than that of Rgs6
–/–

 cells, but 

the difference was not significant. Genotype- and dose-dependent differences in M2R-

IKACh activation and deactivation kinetics were also observed (Fig. 5.3H,I), and these 

differences were consistent with outcomes from the saturating CCh experiments (Fig. 

5.3C,D).  
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Figure 5.3. Impact of RGS ablation on M2R-IKACh signaling in SAN cells. A) IKACh 

currents evoked by CCh (10 M) in SAN cells from wild-type and Rgs
–/–

 mice. Peaks 

were normalized to allow for comparison of deactivation kinetics. Scale bars: 10 s/400 

pA. B) No impact of genotype on peak (F3,36=2.0, P=0.13) or steady-state (F3,36=2.2, 

P=0.10) current densities was observed (n=8-16/genotype). C,D) A significant impact of 

genotype was observed for activation (F3,35=5.0, P<0.01) and deactivation (F3,36=29.1, 

P<0.001) kinetics of the CCh-induced current in wild-type and Rgs
–/–

 SAN cells. E) 

There was no impact of genotype on the acute desensitization of the CCh-induced IKACh 

current (F3,36=1.3, P=0.29). F) Concentration-response curves for CCh-induced IKACh 

activation (steady-state current amplitudes normalized to response measured with 10 M 

CCh) in wild-type and Rgs
–/–

 mice (n=6-8 per group). Hill coefficients for each curve are 

listed. No significant impact of genotype was observed for Hill coefficients (F3,151=0.4, 

P=0.8). G) EC50 values calculated from concentration-response curves shown in F 

(F3,151=24.8, P<0.0001). H,I) Activation and deactivation kinetics of the CCh-induced 

currents in wild-type and Rgs
–/–

 SAN cells. An interaction of genotype and dose was 

observed for activation kinetics (F6,95=7.4, P<0.001) but not deactivation kinetics 

(F6,95=1.5, P=0.18). However, a significant impact of group on deactivation kinetics was 

observed for both genotype (F3,95=66.2, P<0.001) and concentration (F2,95=15.3, 

P<0.001), so within-concentration comparisons were performed by one-way ANOVA. 

Symbols: *,***P<0.05 and 0.001, respectively, vs. wild-type; 
+++

P<0.001. 
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Influence of another R7 RGS protein 

  The partial rescue of RGS6-dependent phenotypes seen with concurrent ablation 

of RGS4 suggested that another cardiac RGS protein(s) is present that can modulate 

parasympathetic signaling when RGS4 is absent. To test this hypothesis, and to explore 

the possibility that adaptations secondary to constitutive RGS4 ablation played a role in 

these phenomena, we employed a pharmacologic strategy involving CCG-63802, a 

compound that inhibits RGS4 (and likely other RGS and non-RGS proteins) by forming a 

covalent adduct to cysteine residues [257, 258]. With CCG-63802 (50 M) included in 

the pipette solution, M2R-IKACh deactivation rate was significantly accelerated in SAN 

cells from Rgs6
–/–

 mice, similar to the effect of concurrent genetic ablation of RGS4 and 

RGS6 (Fig. 5.4A,B). There was no effect of CCG-63802 on activation kinetics, and while 

peak and steady-state current responses tended to be larger than in control cells, this 

difference was not significant (Fig. 5.4C-E). 

  As RGS6 belongs to the R7 sub-family of RGS proteins (which consists of RGS6, 

RGS7, RGS9, and RGS11 [132]), we next asked whether the unusual influence of genetic 

ablation of RGS4 or acute CCG-63802 application on M2R-IKACh signaling seen in SAN 

cells from Rgs6
–/–

 mice was attributable to another R7 RGS family member. We 

exploited the observation that all four R7 RGS proteins are undetectable in G5
–/–

 mice 

[238]. Consistent with the involvement of multiple R7 RGS proteins, CCh-induced IKACh 

current deactivation was significantly longer in G5
–/–

 SAN cells than in Rgs6
–/–

 SAN 

cells (t13=2.30, P<0.05). Moreover, while CCG-63802 accelerated M2R-IKACh 

deactivation rate in Rgs6
–/–

 SAN cells, it had no such effect in SAN cells from G5
–/–
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mice (Fig. 5.4A,B). The differential impact of RGS4 inhibition (genetic or 

pharmacologic) on M2R-IKACh signaling in SAN cells from Rgs6
–/–

 and G5
–/–

 mice 

argues that RGS4 suppresses the influence of another R7 RGS family member when 

RGS6 is absent.  
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Figure 5.4. Influence of another R7 RGS protein revealed by Rgs4 ablation. A) IKACh 

currents evoked by CCh (10 M) in Rgs6
–/– 

and Gβ5
–/–

 SAN cells treated with vehicle or 

CCG-63802 (50 M, delivered via the pipette). Peak currents were normalized for 

comparison. B) Activation kinetics of the CCh-induced current in Rgs6
–/–

 (t14=0.1, P=0.9) 

or G5
–/–

 (t8=0.2, P=1.0) SAN cells. C) Deactivation kinetics of the CCh-induced current 

in Rgs6
–/–

 (t18=3.0, P<0.01) or G5
–/–

 (t6=0.3, P=0.8) SAN cells. D) Peak IKACh current 

densities in Rgs6
–/–

 (t15=1.7, P=0.1) or G5
–/–

 (t9=0.4, P=0.7) SAN cells. E) Steady-state 

IKACh current densities in Rgs6
–/–

 (t16=1.1, P=0.3) or G5
–/–

 (t8=0.2, P=0.8) SAN cells. 

Note that only within-genotype comparisons were made. n=4-12/genotype. Symbols: 

***P<0.001 vs. vehicle for each genotype. 
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Discussion 

Our findings extend the previously-reported roles for RGS6 in the 

parasympathetic regulation of HR and M2R-IKACh signaling in SAN cells [251-253]. 

RGS6 ablation correlates with decreased HR (in vivo and ex vivo), increased HRV, 

enhanced sensitivity to the negative chronotropic effects of CCh, and multiple effects on 

M2R-IKACh signaling in SAN cells that should collectively enhance the influence of this 

signaling pathway on cardiac output. Under equivalent conditions, no similar impact of 

RGS4 ablation was observed. 

To the contrary, we did observe that the ablation of RGS4 seemed to enhance 

slightly M2R-IKACh signaling in SAN cells rather than disrupt it. While these effects were 

not statistically significant, the loss of RGS4 (by either genetic or pharmacologic 

manipulation) tended to correlate with larger peak CCh-induced responses, higher EC50 

value for CCh-induced IKACh activation, and exhibited faster activation and deactivation 

kinetics. In addition, isolated heart experiments from Rgs4
–/–

 mice revealed a shallower 

CCh dose-response curve compared to wild-type despite that the IC50 was the same for 

both genotypes. Collectively, these observations suggest that RGS4 can impact 

parasympathetic regulation of HR and underlying signaling pathways, albeit in manner 

distinct from that proposed previously. Furthermore, the mild effect observed with RGS4 

ablation appears to be exacerbated with the concurrent ablation of RGS6, leading to the 

partial rescue of the prominent phenotypes linked to RGS6 ablation in both single cell 

and isolated heart assays. 

The lack of negative influence of RGS4 on parasympathetic signaling was 

unexpected in light of a previous report involving the same mice [89]. While some of the 
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cardiac phenotypes in Rgs4
–/–

 mice reported previously could be due to an influence of 

RGS4 in the central nervous system (e.g., the enhanced negative chronotropic effect of 

CCh seen in conscious Rgs4
–/–

 mice), there are few differences between studies with 

respect to the design of the isolated heart experiments. In this context, it is worth noting 

that we also examined the influence of RGS4 ablation on CCh-induced bradycardia under 

conditions of sympathetic (isoproterenol) stimulation. While the previous study reported 

that CCh-induced bradycardia was more pronounced in isoproterenol-treated hearts from 

Rgs4
–/–

 mice as compared to wild-type controls [89], we observed no genotype-dependent 

difference in this assay (Fig. 5.5A-C). Interestingly, baseline HR of retrogradely-perfused 

hearts was slower (300-350 bpm) in our hands than in the previous study (>400 bpm). 

This may be due to the difference in the perfusion protocol used in the ex vivo heart 

studies, which involved constant pressure (our study) or constant flow (previous study). 

Moreover, while the CCh sensitivity of hearts from Rgs4
–/–

 mice was apparently similar 

in both studies, hearts from wild-type mice appeared to be slightly more sensitive to 

CCh-induced bradycardia in our study. 
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Figure 5.5. Rgs4 ablation in isoproterenol-stimulated hearts. A) HR in isolated hearts 

from wild-type (wt) and Rgs4
–/–

 mice stimulated with isoproterenol. HR from 

isoproterenol-treated wild-type and Rgs4
–/–

 hearts were not significantly different 

(t4=0.14, P=0.9). B) Impact of CCh on HR in wild-type and Rgs4
–/–

 hearts 

(n=3/genotype); data are normalized to baseline HR. There was no significant impact of 

genotype observed for normalized HR (F2,37=2.4, P=0.1). Hill coefficients for each curve 

are listed and were not significantly different (t37=1.8, P=0.09). C) IC50 values calculated 

from dose-response curves in B were not significant (t37=1.6, P=0.12).  
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With respect to the measurement of M2R-IKACh signaling in SAN cells, there were 

also few study design-related differences that might explain the divergent outcomes. We 

used a rapid solution-exchange system to apply and remove CCh to/from SAN cells. 

Accordingly, the rates of current activation and deactivation were ~100-fold faster in our 

study. Rapid solution exchange (complete solution exchange in <100 ms) ensures that the 

time-course of IKACh activation and deactivation is controlled by G protein cycling rather 

than gradually changing levels of agonist and/or the potentially confounding influence of 

signaling pathway desensitization. This difference in experimental design, however, is 

unlikely to explain the discrepancy between studies. Indeed, using a slower gravity-flow 

perfusion approach to deliver and remove CCh, we found no difference in CCh-induced 

IKACh current densities, desensitization, or kinetics in SAN cells from wild-type and Rgs4
–

/–
 mice (Fig. 5.6A-D). 
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Figure 5.6. M2R-IKACh signaling evaluated by slow perfusion of CCh. Summary data 

of IKACh currents evoked by CCh (10 M) in wild-type and Rgs4
–/– 

SAN cells, taken from 

experiments in which CCh was allowed to slowly fill the recording chamber by gravity 

flow, and was washed out of the chamber by gravity flow of CCh-free bath solution. 

While responses in SAN cells from Rgs4
–/–

 mice showed slightly faster kinetics and 

larger current densities, there were no significant genotype-dependent differences in any 

of the following parameters: A) Activation rate (t8=0.4, P=0.7) and B) deactivation rate 

(t7=0.7, P=0.5), C) Peak (t8=0.9, P=0.4) or steady-state (t7=1.5, P=0.2) CCh-induced 

current densities, or D) Acute desensitization of the CCh-induced IKACh current (t8=0.2, 

P=0.8; n=4-6/genotype). 
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While we did not observe a marked influence of RGS4 on the parasympathetic 

regulation of HR or M2R-IKACh signaling in SAN cells, our data suggest that RGS4 could 

influence such signaling under certain circumstances. Indeed, while the sensitivity of the 

isolated heart to CCh-induced bradycardia was normal in Rgs4
–/–

 mice, the slope of curve 

was shallower. Moreover, M2R-IKACh current densities tended to be higher with inhibition 

of RGS4. While the mechanisms underlying these observations are unclear, RGS4 can 

serve as a GAP for Gq [259-261], which should enhance the activity of PLCβ and 

increase the levels of phosphoinositol-4,5-bisphosphate (PIP2), a required co-factor for 

GIRK channel gating [57, 217]. As RGS4 is up-regulated in the failing human heart 

[262], a more robust influence of RGS4 on parasympathetic HR regulation and related 

signaling might be expected in this setting.  

Studies with embryonic stem cell-derived cardiomyocytes expressing RGS-

insensitive G proteins implicated Gi2 and Go in M2R-dependent signaling [233]. 

RGS6/Gβ5 strictly acts on members of the Gαi/o family [242], while RGS4 can serve as a 

GAP for Go and Gi1, Gi2, Gi3, and Gq [131, 263, 264]. Since RGS4 can regulate M2R-

GIRK signaling mediated by Gi2 and Go in expression systems [265, 266], some 

compartmentalization mechanism in SAN cells must facilitate the interaction between 

RGS6/Gβ5 and M2R-IKACh and/or preclude the interaction between RGS4 and M2R-

GIRK. Macromolecular complex formation may play a role in this process, as RGS/Gβ5 

can interact directly with cardiac and neuronal GIRK channels [146, 252]. In contrast, 

while RGS4 can interact with receptor-GIRK complexes [199, 266], the association 

appears to be driven by an interaction between RGS4 and the receptor. 



        Rgs regulation of cardiac muscarinic signaling 

  140 

Our data suggest that another member of the R7 RGS protein family, whose 

influence on M2R-IKACh signaling is masked by RGS4 in the absence of RGS6, can 

partially compensate for the loss of RGS6. RGS7 and/or RGS9 may be the compensatory 

factor(s), as expression of both RGS proteins has been detected in the heart [262, 267]. 

The presence of another R7 RGS protein would explain the comparably larger impact of 

G5 ablation on IKACh deactivation kinetics in SAN cells than is seen in SAN cells from 

Rgs6
–/–

 mice. It remains unclear how RGS4 masks its influence on M2R-IKACh activity. It 

is possible that RGS4 is expressed at levels sufficiently higher than the compensatory R7 

RGS protein(s) in SAN cells, which allows it to out-compete residual RGS/G5 

complexes for binding to receptor and/or channel. 

Enhanced parasympathetic input to the heart facilitates the induction of atrial 

fibrillation (AF), while decreased parasympathetic influence (and decreased IKACh) 

confers resistance to atrial fibrillation [249]. A mutation in the human GIRK4/KCNJ5 

gene that yields reduced surface expression of IKACh has been linked to long QT 

syndrome [178, 180]. Furthermore, loss-of-function mutations in RGS6 that increase 

IKACh function result in elevated HRV and increased susceptibility to AF induction [253].  

These observations suggest directly that certain arrhythmias may be effectively treated or 

prevented by decreasing (AF) or enhancing (long QT syndrome) M2R-IKACh signaling. 

While direct-acting IKACh agonists and antagonists may eventually prove useful in these 

settings, data presented herein argue that RGS6/G5 should be considered as a novel 

target for the treatment or prevention of arrhythmias.  
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General summary and significance 

GIRK channels are involved in the control and maintenance of cellular 

excitability in the brain through regulating synaptic transmission and in the heart by 

modulating heart rate [50, 51]. Alterations or disruptions to GIRK signaling processes 

may contribute to a number of cardiac and CNS disorders, including arrhythmia, 

epilepsy, depression, anxiety, schizophrenia, and drug addiction [57]. GIRK channels are 

one set of downstream effectors in inhibitory Gi/o protein signaling cascades, which are 

activated by a plethora of GPCRs. GPCRs are popular drug targets, but often have 

adverse or unwanted affects as they activate G proteins that have several downstream 

effectors. This has created a need for pharmacotherapies that directly target individual 

downstream effectors to elicit a desired effect. One such effector, GIRK channels, 

represents an important target for pharmacotherapeutic treatment of cardiac and 

neurological disorders.  

Findings in this dissertation contribute to current understandings of GIRK channel 

structure and function within the CNS and modulation in the heart.  Within the CNS, we 

identify key GIRK1 residues that are necessary for receptor-induced channel activation 

and characterize a new drug class that selectively targets these channels. Further, we 

demonstrate that the novel GIRK agonist, ML297, has an anxiolytic effect in mice, 

suggesting that it may be a potential therapeutic in the treatment of anxiety-related 

disorders. This work also demonstrates that RGS6, and not RGS4, regulates M2R-IKACh 

signaling and is the key modulator of parasympathetic activity of the heart, making it a 
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potential therapeutic target in the treatment of cardiac disorders, such as arrhythmias, 

long-QT syndrome, and fibrillation.  

 There were a few challenges associated with the work presented here. First, the 

constitutive knockdown of genes can often result in compensatory mechanisms that can 

sometimes mask the full effect of a complete loss-of-function of a gene of interest. 

Second, preferred knockout lines, such as a double knockout of Gβ5
−/−

 and Rgs4
−/−

, were 

not viable, leading us to pursue pharmacological approaches instead. Third, hippocampal 

and sinoatrial node cell culture models employed throughout this work are a 

heterogeneous mix of cell types, creating potential confounds when using assays that 

analyze entire cell populations such as immunoblotting techniques. Finally, the study of 

heteromeric channels in a reconstituted system produces certain qualitative and 

quantitative confounds. For example, we are unable to strictly control the order and 

stoichiometry of GIRK subunits in a given heteromeric channel. Furthermore, it is 

impossible to control how much of the transfected material forms GIRK1/GIRK2 

heteromers versus GIRK2 homomers, which is particularly problematic when studying 

heteromers of GIRK2 mutant and wild-type GIRK2. Despite these confounds, it is 

important to study the native GIRK1/GIRK2 heteromer because it displays fundamentally 

different channel properties compared to a native GIRK2 homomer or engineered GIRK1 

homomer.   
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Key functional domains in GIRK1  

Our initial studies sought to expand upon previous published deletion and chimera 

work within the context of a GIRK1-containing heteromeric channel by identifying a 

specific amino acid residue or residues that would account for the robust currents 

associated with GIRK1-containing heteromers. Previous work demonstrated the necessity 

of both GIRK1 core and distal C-terminal regions in the facilitation of M2R-induced 

signaling via GIRK1-containing heteromeric channels [110]. Our work has also been 

studied at the level of receptor-facilitated GIRK activation. Consistent with previous 

findings, we also observed that the GIRK1 distal C-terminus was dependent on the 

presence of the GIRK1 core region. Further, we have linked GIRK1 residues F137, 

A142, Y150, and Q404 to the robust GABABR-induced activity associated with GIRK1-

containing heteromeric channels. 

 

GIRK1 C-terminus and residue Q404 

Q404, a residue within the distal C-terminal domain, was found to significantly 

influence the magnitude of basal and GPCR-dependent GIRK currents. When compared 

to GIRK1, GIRK1 Q404A demonstrated a 30% reduction in GABABR-induced current. 

This reduction could be linked to altered channel gating, Gβγ sensitivity, or an inherent 

property of the channel, as there is neither a difference in expression between GIRK1 and 

GIRK1 Q404A nor a difference in GIRK2A surface expression when coexpressed with 

either GIRK1 or GIRK1 Q404A. Most likely, this residue strengthens the channel–Gβγ 

interaction. However, it is also possible that Q404 strengthens the allosteric coupling that 
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translates Gβγ binding to an increase in channel gating. Future experiments should be 

aimed at defining the physical interactions between Gβγ and GIRK1 Q404, with the 

expectation that the Q404A mutant would display significantly less co-

immunoprecipitation with Gβγ compared to wild-type GIRK1 if it is responsible for 

facilitating the physical protein-protein interaction. 

We demonstrated that the CT/GIRK2 heteromer has small basal and receptor-

induced currents similar to that of a GIRK2 homomer. On the contrary, previous work in 

oocytes suggests that the distal C-terminus of GIRK1 (359-501) is responsible for 

elevated basal and M2R-induced channel activity associated with GIRK1, while GIRK1 

residues 190-501 also elevate receptor-induced channel activity [112, 113]. A number of 

experimental differences may contribute to the disparity of GIRK1 C-terminal 

functionality between CT chimera data and previously reported work. First, the chimera 

containing GIRK4 (1-365) and GIRK1 (359-501) was evaluated as a homomeric channel 

[113]. Heteromeric overlapping of GIRK1 NT with GIRK2 CT and vice versa may play a 

large role in how the channel passes current [268, 269]. Second, the intracellular milieu, 

e.g., endogenous proteins, can be distinctly different across expression systems and 

potentially altering signaling cascades in oocytes that are not present in HEK cells.  For 

example, these cell types have since been identified to contain an endogenous GIRK-like 

subunit: GIRK5 [270]. Finally, previous studies only explored the distal region and 

excluded the first 10 amino acids of the C-terminus, suggesting the possibility of a site in 

the proximal GIRK1 C-terminus inhibiting channel activity [112, 113]. Any one or more 
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of these experimental differences may contribute to the lack of GIRK1-like function seen 

with our CT/GIRK2 heteromeric channel.  

Basal activity of GIRK1-containing channels is significantly greater than that of 

non-GIRK1-containing counterparts, and substantial basal activity of GIRK channels is 

seen in neurons [52, 158, 213, 271-273]. While structures that enhance single-channel 

properties such as conductance and mean open time should increase basal (and GPCR-

induced) activity, the most significant determinants identified in our study were the 

domains between 180-328 and 409-462, as deletion of the latter domain reduced basal 

activity by 50% while sparing GABABR-dependent signaling. While further refinement 

of these domains is necessary, it is tempting to speculate that the different affinities 

observed for GIRK1 (higher) and GIRK2 (lower) for PIP2, which binds between residues 

61-81, 183-189, and 219-229 of GIRK1 [111, 274], contributes to this phenomenon. 

Interestingly, a specific interaction between the unique distal C-terminus of GIRK1 and 

Gαi3 has been shown to reduce basal activity and increase Gβγ activity in GIRK1 F137S 

homomeric channels, while GIRK2 homomeric channels were independent of Gαi3 

modulation [275]. Although this regulation of GIRK1 was not studied in a wild-type 

GIRK1/GIRK2 heteromeric context, it does provide insight into potential functions of the 

GIRK1 distal C-terminus. For example, it is possible that binding Gαi3 enhances coupling 

of the GIRK1/GIRK2 heteromer to the GPCR over that of a GIRK2 homomer, giving rise 

to augmented GPCR-induced channel activity in GIRK1-containing heteromeric 

channels.  
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The difference in affinity of GIRK1 and GIRK2 for PIP2 is an interesting 

phenomenon for which a mechanism of action has yet to be discovered. Similar to other 

residues found in this study, there is likely a residue or small domain unique to GIRK1 

that is responsible for the increased affinity and resulting increased sensitivity of GIRK1 

to PIP2. In order to find this domain, future experiments should employ a similar 

mutagenic strategy and the voltage-sensing phosphatase (Dr-VSP) described in Chapter 

5. Mutants would be tested for their GABABR-induced activity both prior to and during 

the activation of Dr-VSP. If indeed a GIRK1 structure is responsible, the loss of 

GABABR-induced activity through GIRK2 during Dr-VSP activation would be partially 

rescued by inserting GIRK1 residues. 

 

GIRK1 core domain and residues F137, A142, Y150 

Previous work first identified GIRK1 F137 as a key determinant in the slow 

voltage-dependent activation kinetics typical of GIRK1-containing channels [225]. Later 

work showed GIRK1 F137 as an enhancer of basal and GPCR-dependent currents carried 

by the GIRK1/GIRK4 heteromer [114]. Likewise, GIRK2 (S148F) was the only single 

point mutant tested in our study to significantly enhance GABABR-induced current when 

expressed with GIRK2. The phenylalanine substitution at this position introduces an 

aromatic side chain into the space between the pore and inner helices. While the precise 

impact of this substitution on the selectivity filter and/or the inner (M1) and pore helices 

is unknown, it is clear that manipulations at this site influence a wide spectrum of GIRK 

channel properties. Indeed, substitution of the serine residue in GIRK2 (S148) and 
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GIRK4 (S143) for threonine yields homomeric channels exhibiting significantly higher 

activity than their wild-type counterparts [215, 276]. Further, the GIRK1 (F137S) mutant 

expresses on the cell surface and makes functional homomeric channels, despite the lack 

of an ER export signal that normally precludes trafficking of GIRK1 to cell surface [68], 

indicating that single channel properties are not dramatically affected, even across 

GIRK1/GIRK2 vs. GIRK2 and that influence of GIRK1 on heteromers is in enhancing 

open probability (gating).  

The current understanding is that GIRK channels possess two gates: the inner 

helix gate and the G loop gate [93]. The former consists of the inner helices of the 

transmembrane spanning domains [277, 278], while the latter is formed by the G loop at 

the top of the cytoplasmic domain [103, 105]. Recent crystal structures of the GIRK2 

homomer demonstrate that Gβγ only opens the G loop in the absence of PIP2, but the 

presence of PIP2 causes the inner helix gate to couple to the G loop gate so that both open 

upon Gβγ activation [93]. These gates are highly conserved across GIRK subunits, yet 

there are discrete differences in amino acids surrounding these regions that suggest 

potential changes to the molecular structure of these gates when comparing GIRK1 and 

GIRK2. For example, there has been some indication from previous work that GIRK1 is 

more sensitive to PIP2 than GIRK2 [111]; whereas Na
+
 enhances the open state of GIRK2 

homomeric channels but GIRK1 subunits are Na
+
 insensitive [98]. The pore residues of 

GIRK1 (F137, A142, and Y150) explored in this work will most likely cause slight 

changes and movements to the molecular architecture of the pore loop and selectivity 

filter. Perhaps these GIRK1 pore residues better facilitate the coactivation of these 
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heteromeric channels by PIP2 and Gβγ. It is, however, unclear how GIRK1 Q404A fits 

into this picture because the distal C-terminus of GIRK1 has yet to be crystallized. It is 

possible that it facilitates (directly or indirectly) a higher level of PIP2 binding or an 

interaction with Gαi/o-GTP to facilitate GPCR coupling.  

 

Summary   

  Using electrophysiological and biochemical approaches, we sought to better 

understand how GIRK1 potentiates basal and receptor-dependent activity of the 

prototypical neuronal GIRK channel, GIRK1/GIRK2.  We established that GIRK1 does 

not enhance the surface trafficking of GIRK2-containing channels, arguing that GIRK1 

confers unique functionality to heteromeric GIRK channels.  Indeed, we identified four 

amino acids in GIRK1 that promote enhanced basal and/or GABABR-GIRK signaling.  

One residue (Q404) is found in the unique, unresolved C-terminal domain of GIRK1, 

within a region that has been linked to high affinity interactions between the GIRK1 C-

terminus and G [214, 268].  The other three amino acids (F137, A142, Y150) are 

located near the K
+
 selectivity filter, where they work together to enhance channel mean 

open time and single channel conductance. Through this work, we have provided new 

structural insights of subunit-dependent differences that GIRK1 contributes to basal and 

GABABR-facilitated GIRK channel activity.  
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Mechanisms of ML297 activation and selectivity  

Recently, a novel family of small molecule modulators of GIRK channels was 

discovered using a high-throughput screen [169]. Preliminary functional characterization 

of the prototypical agonist ML297, which relied heavily on an indirect thallium flux 

assay, suggested that it selectively activated GIRK1-containing channels in a G protein-

independent manner, however the exact mechanism of action remained unclear. Using a 

combination of mutagenesis, thallium flux screening, and electrophysiology, we 

successfully determined that two GIRK1 residues are responsible for the selectivity of 

ML297: F137 and D173. Further experiments demonstrated that ML297-induced GIRK 

channel activation is dependent upon PIP2 and has fundamental differences compared to 

the canonical receptor-induced activation of GIRK channels. Importantly, we 

demonstrated that ML297 has anxiolytic properties in wild-type mice that were absent 

upon constitutive knockout of Girk1. 

 

Mechanism of ML297 activation 

One focus of this work was to determine the mechanism that underlies the ML297 

activation of GIRK channels. We investigated the dependence of ML297 on the presence 

of PIP2 and found that PIP2 is required to maximally activate GIRK channels. This 

finding was expected given that PIP2 is necessary for complete activation of the channel 

by endogenous Gβγ, intracellular Na
+
, and ethanol [92, 97, 166]. Activation of GIRK 

channels via Gβγ, ethanol, or ML297, all hinge on the presence of membrane-bound 

PIP2. Yet, it appears that ML297 agonism is structurally distinct, as previously known 
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channel activators do not exhibit a strong GIRK1-dependence. Binding sites for PIP2, 

Gβγ, and ethanol are mostly conserved across all GIRK subunits. The hydrophobic 

alcohol binding pocket is made up of the N-terminus (GIRK2 residue Y56) and the βL-

βM sheet (GIRK2 residues L340, Y347) from one subunit and the βD-βE sheet (GIRK2 

residues I242, P254, L254) from the adjacent subunit [167]. Ethanol, like ML297, can 

activate GIRK channels in the presence of PTX, indicating that GPCR-mediated 

activation of Gi/o proteins is not involved in either compounds mechanism of action [162, 

169]. Further, ethanol activation of GIRK channels was shown to be insensitive to 

alterations in cellular levels of Gβγ, indicating that it does not require channel-bound Gβγ 

to activate GIRK current [166].  

  While it has been established that ML297 can activate GIRK channels in the 

presence of PTX [169], it is still unclear if ML297 is completely independent of G 

protein signaling. PTX acts on Gαi/o by locking it in the inactive GDP-bound state 

through ADP-ribosylation [36, 39]. It is unclear as to whether the ADP-ribosylation of 

Gαi/o occludes the Gβγ binding site leaving it free to interact with downstream targets or 

still allows it to sequester Gβγ. Further, G proteins other than Gi/o are unaffected by PTX 

and are still able to release Gβγ. Therefore, more experiments need to be done to assess 

the dependence of ML297 on free Gβγ. This would be done by looking at reconstituted 

GABABR-GIRK1/GIRK2 signaling in HEK cells in the presence and absence of co-

transfected phosducin, a protein that scavenges free Gβγ. In this paradigm, baclofen-

induced GIRK currents through the GABAB receptor would be reduced by the presence 

of phosducin. If ML297 acts independently of Gβγ, then the presence of phosducin would 
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not affect ML297-induced GIRK currents. Understanding the dependence or 

independence of ML297 on the presence of Gβγ is important to further elucidating the 

mechanism of ML297 activation of GIRK channels. 

   

Mechanism of ML297 selectivity and the GIRK1/GIRK2 heteromeric channel 

  The most attractive feature of ML297 is that it is highly selective for GIRK1-

containing channels, while having no effect on GIRK2 homomers. We sought to identify 

the structural determinants in GIRK1 that make it an effective target of ML297. Work in 

Chapter 3 clearly demonstrates that ML297 is dependent upon two residues unique to the 

GIRK1 subunit, F137 and D173. F137 is located in the pore-helix and D173 is located in 

the M2 domain. As previously demonstrated in Chapter 2, GIRK1 residue F137 is a 

critical determinant of robust basal- and GABABR-induced GIRK channel activity. 

Previous mutagenic studies have shown this residue to play a role in kinetics of 

activation, GIRK1 surface trafficking, and enhancement of GIRK current [68, 114, 225]. 

In the context of the P chimera discussed in Chapter 2, D173 enhanced GABABR-

induced GIRK current when compared to GIRK2 residue N184. Interestingly, GIRK1 

residue D173 has been previously identified as is a critical determinant for the inward 

rectification of K
+
 channels.  Removing the negative charged aspartate residue and 

replacing it with an uncharged glutamine weakened the inward-rectification properties 

associated with GIRK1 [225]. This aspartic residue is conserved across several other Kir 

channels, but is not in GIRK2, GIRK3, or GIRK4. D173 has been implicated as an 

interaction site for Mg
2+

, polyamines, and cation blockade. In mutating a homologous 



 

 153 

residue in IRK1 (Kir2.1) (D172N), blockade by Cs
+
 and Rb

+
 were abolished [279]. 

Having an aspartate residue at this position is associated with strong rectification and a 

high affinity for blockade by Mg
2+

 and polyamines [280, 281]. By mutating this aspartate 

residue to asparagine (D to N), the channel affinity for Mg
2+

 and polyamines and strong 

rectification are both diminished [60, 282, 283]. GIRK activation by ML297 is dependent 

upon the presence of an aspartate at this position (GIRK1 D173) but our experiments also 

show that ML297 weakens inward rectification. This relationship suggests a direct 

interaction of ML297 with the channel and perhaps residue D173 itself, and that, through 

binding of ML297, the position of D173 is altered to cause a weakened rectification 

profile.  

  The work presented in this dissertation falls short of identifying the physical 

binding site of ML297 on GIRK channels. There are two binding theories that would be 

supported by the data shown here. The first is that ML297 could directly interact with 

GIRK1 residues F137 and D173. The fact that the mutation of either of these residues in 

GIRK1 disrupts activation by ML297 supports this theory but more experiments are 

needed. There is an alternate possibility that ML297 can bind GIRK1/GIRK2 channels or 

GIRK2 homomers and that F137 and D173 are simply required for enhanced channel 

activity. It is possible that ML297 could bind GIRK2 homomeric channels without 

activating them. Perhaps ML297 binds in a manner that mimics activation by Gβγ, 

similar to Na
+
 and short chain alcohols [93, 106, 167]. However, ML297 differs from 

these compounds in its complete dependence on the presence of GIRK1.  
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The mechanism of GIRK activation by ML297 is further complicated by the 

ability of ML297 to switch its function depending on the composition of the GIRK 

channel. ML297 has no effect on GIRK2 homomeric channels, is an effective agonist on 

GIRK1/GIRK2 and GIRK2
S148F/N184D

/GIRK2 heteromeric channels, and, surprisingly, 

acts as an antagonist on GIRK2
S148F/N184D

 homomers or GIRK2
S148F/N184D 

coexpressed 

with GIRK1 (data not shown). These results suggest that the organization of the GIRK 

channel pore is an extremely important determinant of ML297 activity. Similarly, other 

studies have observed differences in channel activity between heteromeric and 

homomeric pore conformations of GIRK channels [284]. Further, set configurations and 

stoichiometry of GIRK1/GIRK4 heterotetramers have been proposed [65, 285, 286]. 

Also, several groups suggest that a heteromeric GIRK1/GIRK4 pore is necessary for high 

K
+
 selectivity and robust channel activity [48, 69, 209, 284]. While some consider 

studying heteromeric channels as a caveat, it would seem that a heteromeric GIRK 

channel, and particularly a heteromeric pore, can be fundamentally different from a 

homomeric GIRK channel.  

 

Therapeutic potential of ML297  

The drug metabolism and pharmacokinetic (DMPK) properties of ML297 were 

characterized previously [169]. ML297 was found to have one inactive metabolite 

“ML397-M1” after being metabolized by cytochrome P450. In vitro assays found that 

ML297 has modest solubility, plasma protein binding, and hepatic clearance. In vivo 

assays found that ML297 is able to cross the blood brain barrier in mice with a 
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brain:plasma ratio of 0.2 at 30 minutes post I.P. injection of 60 mg/kg ML297. Despite 

the relatively short half-life and only modest brain penetration of ML297, a positive 

effect of ML297 was observed in two models of epilepsy [169]. In both models of 

epilepsy, ML297 treatment was found to be as, if not more, effective than sodium 

valproate, an antiepileptic compound in clinical use. In a maximal electroshock epilepsy 

model, 60 mg/kg ML297 resulted in a significant increase in the latency of seizure onset. 

In the chemically-induced epilepsy model (PTZ-treatment), pretreatment with 60 mg/kg 

ML297 resulted in a significant level of prevention of both convulsions and death [169].  

The full therapeutic potential associated with inhibiting or enhancing GIRK 

signaling will likely not be achieved without regional and/or GIRK subunit-selective 

manipulation because they are so widely expressed. In Chapter 3, we demonstrate the 

therapeutic potential that results from the selectivity of ML297. ML297, by activating 

GIRK1/2 channels, is able to elicit an anxiolytic phenotype without developing a 

conditioned place preference, meaning that ML297 achieves selective anxiolytic efficacy 

without a significant rewarding liability in mice. There is a need for anxiolytics with 

fewer side effects, rapid onset, with no abuse potential or motor dysfunction, and ML297 

poses to be a good therapeutic candidate. Given the importance of GIRK signaling to the 

proper function of the heart and brain, ML297 and derivatives represent the most 

promising class of pharmacologic tools currently available to study GIRK-dependent 

signaling. Their availability will transform this field, allowing us to break the species 

barrier and begin examining in rigorous detail the therapeutic potential of GIRK 

manipulation in more clinically-relevant settings. 
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RGS influence on parasympathetic heart rate regulation 

  Activation of the parasympathetic branch of the autonomic nervous system 

decreases heart rate via the neurotransmitter acetylcholine. Acetylcholine stimulates M2 

muscarinic receptors (M2R) on sinoatrial nodal cells and atrial myocytes, leading to the G 

protein-dependent activation of the potassium channel IKACh [51, 69]. Temporal 

regulation of the M2R-IKACh signaling cascade can impact heart rate [205, 206]. In 

Chapter 4, we found that the RGS6/Gβ5 protein complex is an essential modulator of 

M2R-IKACh signaling in cardiac myocytes and sinoatrial node cells. Furthermore, 

inactivation of the Rgs6 gene in mice results in a mild bradycardia and an enhanced effect 

of drug-induced parasympathetic stimulation. Thus, RGS6/Gβ5 may contribute to, or 

represent a novel therapeutic target for, pathological conditions characterized by 

abnormal regulation of cardiac output. 

  At the same time the work in Chapter 4 was published, another study about the 

role of RGS6 in parasympathetic regulation was also published [251]. Both studies 

demonstrated high levels of RGS6 expressed in atrial tissue via immunoblotting, 

particularly compared to RGS4 levels, which were higher in the brain than in the heart. 

Using immunohistochemistry, RGS6 was demonstrated to be specifically expressed in 

the SAN and AVN regions [251]. In our study we observed a slight but significant 

decrease in resting HR in Rgs6
−/− 

mice compared to wild-type mice as well as enhanced 

bradycardia during carbachol administration in Rgs6
−/− 

mice. Other work also observed 

enhanced carbachol induced bradycardia in Rgs6
−/− 

mice [251]. Furthermore, an 

exaggerated CCh-induced inhibition of spontaneous action potential firing in SAN cells 
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isolated from Rgs6
−/− 

mice was observed [251]. Both studies identify RGS6 as a key 

modulator of the M2R-IKACh cascade and, subsequently, of the parasympathetic regulation 

of heart rate.  

  An interesting finding of this study was that R7BP is not expressed in atrial tissue 

of wild-type mice. In the CNS, both Gβ5 and R7BP are necessary for the functionality of 

the R7 RGS family, including RGS6 [135-138]. While we demonstrated that the presence 

of Gβ5 is necessary for the stability and function of atrial RGS6, we don’t observe any 

deficits in RGS6 expression in the absence of R7BP. In the CNS, R7BP anchors RGS6 to 

the membrane so that it can interact with Gi/o protein signaling complexes. The 

mechanism by which RGS6 is anchored to the membrane in cardiomyocytes is still 

unknown. We demonstrated that RGS6/Gβ5 has a protein-protein interaction with 

GIRK4, but this interaction is likely through Gβ5 and not the DEP/DHEX domain of 

RGS6. It is possible that there is a different anchoring protein expressed in 

cardiomyocytes that fills the role of R7BP. Another possibility is that the RGS6/Gβ5 

complex is regulating the M2R-IKACh cascade from the cytosol and not the membrane. 

One approach to answering this question would be to perform a proteomic screen of 

RGS6/Gβ5 binding partners. Another approach would be to look at the intracellular 

localization of RGS6/Gβ5 with a live cell imaging assay. 

  A study in 2008 identified RGS4 as a regulator of parasympathetic M2R-IKACh 

signaling and heart rate, very similar to our findings for RGS6 [89]. It was demonstrated, 

albeit indirectly, that RGS4 is expressed in the SAN [89]. Rgs4
−/−  

mice displayed both 

significantly reduced resting heart rate and significantly enhanced CCh-induced 
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inhibition of spontaneous action potential firing compared to wild-type mice [89]. 

Further, Rgs4
−/−

 SAN cells had significantly slower activation and deactivation kinetics 

of CCh-induced IKACh activity [89]. Our original hypothesis concerning this work was 

that RGS4 and RGS6/Gβ5 were acting in parallel to regulate M2R-IKACh signaling. 

However, we failed to see an upregulation of RGS4 in the atrial tissue taken from Rgs6
−/−

 

mice, which we would expect to see if RGS4 were to exert a compensatory effect in these 

knockout animals. The goal of our next study (Chapter 5) was aimed at testing this 

hypothesis.  

  The work in Chapter 5 sought to clarify the molecular basis of the 

parasympathetic regulation of heart rate, dysregulation of which underlies multiple forms 

of arrhythmia and sudden cardiac death. Both RGS4 and RGS6 have been implicated in 

the temporal regulation of M2R-IKACh signaling and in the parasympathetic regulation of 

heart rate. We found that RGS4 does not make a significant contribution to the 

parasympathetic regulation of HR or related signaling in the SAN, under recording 

conditions where a prominent impact of RGS6 is observed. Interestingly, concurrent 

ablation of Rgs4 rescued, in part, many of the phenotypes observed in Rgs6
–/– 

mice. It 

appears that another member of the R7 RGS protein subfamily is present in SAN cells 

and can modulate muscarinic signaling, but its influence is masked by RGS6 and RGS4. 

This is an intriguing form of molecular compensation that may suggest an efficacious 

form of pharmacotherapy (i.e., RGS4 antagonism) that could be used to treat disorders 

linked to loss-of-function Rgs6 mutations.   
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In reconstituted expression systems, RGS4 has been shown to regulate GIRK 

channel kinetics [145, 287]. RGS4 was demonstrated to have GAP activity on members 

of both Gαi/o and Gαq protein families [145, 259, 262]. Furthermore, RGS4 has been 

shown to be upregulated in myocardial tissue taken from failing human hearts [262]. In 

that study, they found that the upregulation of RGS4 corresponded to a reduction in Gαq 

protein signaling. In our study, Rgs4 ablation trended in faster kinetics and larger GIRK 

responses through M2 activation. It is possible that RGS4 is acting on Gαq in the SAN in 

our study. If this is the case, the loss of RGS4 would result in less regulation of excitatory 

G protein signaling. GIRK signaling has been shown to be enhanced by excitation 

through feedback mechanisms, particularly by increases in intracellular Na
+
 [73, 93, 97-

101]. Taken together, RGS4 may be acting on Gαq to regulate excitatory sympathetic 

inputs in the SAN. 

 Another explanation as to why we did not observe an effect of Rgs4 ablation is 

that different signaling cascades might be compartmentalized within the atria, perhaps 

even within the SAN. Both adenosine and acetylcholine have been demonstrated to signal 

through IKACh in atrial myocytes [288]. In Chapter 4, we demonstrate that Rgs6 ablation 

causes enhanced CCh-induced bradycardia but there was no enhancement of adenosine-

induced bradycardia. This would suggest that while RGS6 is the key regulator of M2R-

IKACh signaling, the same may not be true for adenosine receptor-IKACh signaling. Perhaps 

the roles of RGS4 and RGS6 within the heart depend on the identity of GPCR upstream 

of the IKACh channel. Further, both signaling cascades may not be present in the SAN. 

While we’ve demonstrated robust M2R-IKACh activity in SAN cells by applying both CCh 
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and ACh, we have not observed an IKACh response in SAN cells to maximal doses of 

adenosine (data not shown). In order to get at this question, comparisons of 

electrophysiology responses to CCh and adenosine are needed from both SAN cells and 

atrial cardiomyocytes. These experiments could be done in cells taken from wild-type, 

Rgs4
–/–

, and Rgs6
–/– 

mice to further explore the compartmentalization of RGS proteins by 

cell population and GPCR identity. 

 

Future Directions 

Crystallization of the GIRK1/GIRK2 heteromer 

Many of the questions that remain unanswered in Chapters 2 and 3 point to the 

need to resolve the structure of the GIRK1/GIRK2 heteromeric channel. First, the 

functionality and structure of the distal C-terminus region unique to GIRK1 are still 

unknown. Some studies suggest that it may participate in binding Gβγ or even Gαi/o 

subunits [275, 289, 290]. Second, the shape and configuration of the GIRK1/GIRK2 

heteromeric pore has yet to be resolved and compared with the GIRK2 homomeric pore. 

Third, GIRK1 residue Q404 alters the sensitivity of GIRK channels for Gβγ but the 

underlying mechanism remains unknown. Resolving the GIRK1/GIRK2 heteromer in the 

absence and presence of Gβγ would give insight into whether Q404 alters the structural 

conformation of the channel’s cytosolic regions or if this residue is directly involved with 

a stronger physical interaction with Gβγ. Finally, the location of the physical binding site 

of ML297 and how the channel rearranges in the presence of ML297 needs to be 

elucidated to further understand the mechanism of action of this new drug class. 
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Unfortunately, crystallizing a natively formed heteromer is not possible, as a subset of 

formed-channel would be GIRK2 homomers, giving a non-uniform organization of 

protein. To fix this issue a concatamer of GIRK1 and GIRK2 fused together could be 

used instead. When expressed, this concatamer would form a dimer with another 

concatamer forcing uniform expression of GIRK1/GIRK2 heteromeric protein. This 

protein would be crystallized by itself, in the presence of PIP2 and Gβγ, and in the 

presence of ML297. Point mutations of GIRK1, such as Q404A, could be made on the 

concatamer and crystallized as well. This set of crystal structures would give much 

needed insight into the unresolved questions from Chapters 2 and 3.  

   

 Mechanism of selectivity for GIRK2- and GIRK4-containing channels 

  An interesting observation in the characterization of ML297 is that, while it has a 

robust effect on GIRK1/GIRK2 heteromeric channels, it induces less current from 

GIRK1/GIRK4 heteromeric channels. Some drugs from this new class demonstrate even 

more preference for GIRK2 over GIRK4 than ML297, while others are able to activate 

GIRK1/GIRK2 and GIRK1/GIRK4 equally. VU0466553 is completely selective for 

GIRK1/GIRK2 channels, and actually antagonizes GIRK1/GIRK4 channels (data not 

shown). As this drug class undergoes development, it would have enormous therapeutic 

potential if drugs completely selective in their activation of either GIRK1/GIRK2 or 

GIRK1/GIRK4 could be designed or identified in a high-throughput screen. 

GIRK1/GIRK4 channels make up the IKACh channel in the heart and, as discussed 

previously, play a role in the modulation of heart rate. A targeted GIRK1/GIRK4 agonist, 
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with no activity on GIRK1/GIRK2 channels, could be used to treat arrhythmias without 

having adverse effects on cognitive functions. Alternately, a completely GIRK1/GIRK2 

selective drug could be used in the treatment of anxiety, epilepsy, and perhaps pain, 

without the concern of adverse effects on cardiac function.  

  In order to test compounds for their selectivity between GIRK2- and GIRK4-

containing channels, we would first apply them in electrophysiology experiments in 

different cell types. By taking advantage of the endogenous expression of different 

heteromeric GIRK channels in hippocampal neurons (GIRK1/GIRK2) and sinoatrial 

node cells (GIRK1/GIRK4), we would apply these compounds to both types and see if 

they are able to evoke a response in one and not the other. In doing so, this assay would 

assess their selectivity for GIRK1/GIRK2 and GIRK1/GIRK4. Behavioral tests, such as 

motor activity, elevated plus maze, stress-induced hyperthermia, and physiological tests, 

including ECG telemetry and ex vivo perfused-heart rate measurements (also referred to 

as Langendorff perfusion), would be further used to look at the efficacy and selectivity of 

compounds that show promise in the electrophysiology assays.  

  The other side of this project would be to identify the structural determinant(s) in 

GIRK2 and GIRK4 that cause this difference in selective activation by this new drug 

class. Out of all the GIRK channels, GIRK2A and GIRK4 are the most similar in 

sequence and structure but differ in their distribution [50, 70, 291]. Using a chimeric 

approach, similar to the approach used in Chapter 2, and the high-throughput thallium 

flux assay, we would be able to test different regions for their role in this mechanism of 

selectivity. Once a region (or regions) was isolated, site-directed mutagenesis would 
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allow us to pinpoint the exact residues responsible for this difference. In discovering the 

structural determinant(s) of selectivity between GIRK2 and GIRK4, we may also gain 

insight into the physical binding site of compounds in this new drug class.  

By understanding the mechanism of selectivity between GIRK2- and GIRK4-

containing channels, we would have new potential therapeutic compounds that could 

selectively treat cardiac and CNS diseases. GIRK1/GIRK2 selective agonists and 

antagonists would allow for new pharmacotherapies against anxiety, epilepsy, 

neuropathic pain, depression, addiction, schizophrenia, and Down’s syndrome [57, 170]. 

GIRK1/GIRK4 selective agonists and antagonists could offer new pharmacotherapies for 

cardiac arrhythmias, hyperaldosteronism, and obesity [170]. Together, this new drug 

class will have an important impact on how GIRK channels are studied and will greatly 

change how many excitatory diseases are treated.  
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