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ABSTRACT 

Neuronal GIRK channels have been implicated in pain and analgesia, reward, 

anxiety, and energy homeostasis. Functional GIRK channels have been thought to be 

comprised of combinations of GIRK1 and GIRK2, the role for GIRK3 is controversial. 

Despite the evident importance of these channels to normal physiology, surprisingly little 

is known about whether channels of different subunit compositions exist and their 

possible role in channel function and localization. We took advantage of the cerebellum, 

where all three neuronal GIRK channels have been detected, to look at the existence of 

channels of different subunit composition. Using RT-PCR and immunohistochemistry, 

we found differential expression of GIRK channels in different neuronal cell types. All 

three neuronal GIRK channels are expressed in purkinje cells and granule cells; however, 

there are neurons that express only GIRK1 and GIRK3 (basket cells); only GIRK3 

(stellate cells); and only GIRK2 (golgi cells). Our data suggest that channels of different 

subunit composition exist in vivo. To study the contribution of different subunits to 

channel function we compared GABAB-evoked currents in wild-type and GIRK knockout 

hippocampal neurons. In both acutely-isolated brain slices and primary cultures, the 

channel mediating the GABAB response is composed of GIRK1 and GIRK2. Although, 

no direct contribution of GIRK3 to GABAB-evoked current was apparent, we found 

evidence suggesting a role of GIRK3 in the trafficking of GIRK channels.  Interestingly, 

subunit composition not only affects function, but it also affects localization. Using 

immunoelectron microscopy we found that, while GIRK1 and GIRK2 were present 

extrasynaptically, only GIRK2 could be detected in the synaptic cleft. Furthermore, we 

found evidence that the coupling efficiency of the GABAB receptor to GIRK1 and 
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GIRK2 channels depends on their co-localization into lipid microdomains. Our data 

indicate that channels of different subunit composition exist in vivo, and subunit 

composition affects both the coupling of channels to receptors and channel localization 

into membrane compartments. 
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I. Signal transduction 

Every cell in an organism is enclosed by an impermeable plasma membrane that 

helps maintain conditions necessary for survival. However, the environment around cells 

is dynamic, and the cells have developed mechanisms to transport extracellular signals to 

the interior of the cell where cells are able to adapt to the changing environment. This 

process, known as signal transduction, involves the activation of receptors that are 

located in the cell membrane, or intracellularly in the cytoplasm. Examples of 

environmental stimulus that elicit signal transduction pathways are: light (Burns and 

Arshavsky 2005), odorants (Ronnett and Moon 2002) and bitter and sweet taste (Wong, 

Gannon et al. 1996). Signal transduction pathways are involved in the control of cellular 

processes such as gene transcription (Lalli and Sassone-Corsi 1994), alterations in 

metabolism (Rosen 1987), cellular proliferation and death (Guo, Jia et al. 1995), and 

locomotion (Bornfeldt KE 1995). Defects in these cellular processes result in diseases 

such as diabetes, heart disease, autoimmune disease, and cancer among others. Therefore, 

signal transduction pathways are critical for the proper functioning of an organism.  

There are several types of receptors involved in signal transduction at the membrane. 

Receptors are divided into categories depending on their localization and the type of 

molecules that activates them. I will briefly summarize the types of receptors involved in 

signal transduction.  

 

I.A. Intracellular receptors   

Intracellular receptors are soluble proteins located in the nucleus or the cytoplasm of 

the cell that interact with lipophilic ligands that are able to cross the membrane through 
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passive diffusion (Howland 2005). Most intracellular receptors are ligand activated 

transcription factors, upon ligand binding, the receptor translocates into the nucleus and 

binds a specific DNA sequence located in the promoter region of genes (Howland 2005). 

This binding results in the inhibition or activation of transcription, which modulates 

protein expression. 

 

I.B. Cell Surface Receptors  

Cell surface receptors are transmembrane proteins that are able to change 

conformation when a ligand is bound, resulting in activation of the receptor which can 

then propagate the signal to the cytoplasm through physical interactions with other 

proteins, or the production of second messenger molecules creating a signaling cascade. 

Some of the receptors have intrinsic enzymatic activity (receptor tyrosine and 

serine/threonine kinases (Ullrich and Schlessinger 1990) receptor guanylyl cyclases 

(Thompson DK 1990)); other receptors act as ligand-gated ion channels (nicotinic 

acetylcholine, GABAA, glycine and glutamate receptors (Schofield and Abbott 1989)); or 

used a more complex form of signaling involving interactions with guanine nucleotide 

binding proteins (Jackson 1991). My thesis research is focused on ion channels that are 

modulated primarily by G protein activation. 

 

II.  G protein signaling 

Guanine nucleotide binding proteins are divided into two distinct families, the 

monomeric G proteins called the Ras superfamily, and the heterotrimeric G proteins 

(Fredriksson Robert 2005). Their name comes from their ability to bind GTP in their 
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active state which then gets hydrolyzed into GDP (GTPase activity), inactivating the 

protein. Both are involved in signal transduction pathways that couple cell surface 

receptors to intracellular effectors (Moore, Ayabe et al. 1994).  

 

II.A. Heterotrimeric G proteins  

Heterotrimeric G proteins are comprised of a Gα subunit which contains the GTP 

hydrolase activity, a Gβ and Gγ which form a non-dissociable complex (Wettschureck 

and Offermanns 2005). In the inactive state Gα is associated with GDP and Gβγ dimer. 

Upon activation the receptor acts as a guanine nucleotide exchange factor (GEF) causing 

the activation of Gα by exchanging GDP for GTP, releasing the Gβγ dimer (Fig. 1) 

(Preininger and Hamm 2004). Both, Gα and Gβγ are then able to modulate the activity of 

a variety of intracellular effectors including: adenylyl cyclase, phospholipase A2, 

phospholipase C and ion channels (K+ and Ca+2) (Hepler and Gilman 1992). Inactivation 

occurs when the Gα subunit hydrolyze the GTP to GDP and reassociates with Gβγ 

(Hampoelz and Knoblich 2004). G protein signaling can be regulated by a family of 

proteins called regulators of G protein signaling (RGS), which increase the GTP 

hydrolase activity of Gα. RGS proteins were discovered after it was found that the speed 

of GTP hydrolysis in isolated G proteins is much slower than the speed observed under 

physiological conditions (Wettschureck and Offermanns 2005). Furthermore, there are 

proteins that work as guanine nucleotide dissociation inhibitors (GDI), inhibiting 

signaling by preventing the dissociation of GDP (Preininger and Hamm 2004).   
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Figure 1. G Protein signaling pathway 

G protein signaling is composed of a: G protein Coupled Receptor (GPCR), 

heterotrimeric G protein and effector. The heterotrimeric G protein is comprised of a: Gα 

subunit, that contains intrinsic GTP hydrolase activity; Gβ and Gγ subunits, that acts as a 

dimer. Activation of the G protein-coupled receptor (GPCR) by ligand binding, results in 

a conformational change that cause the exchange of GTP for GDP, activating the G 

protein. Activated Gα has a reduced affinity for the Gβγ and the receptor, resulting in the 

release of both Gα and Gβγ, which can then interact with their respective effectors. 

Signaling is stopped, by the hydrolysis of GTP by Gα, resulting in re-association of Gα 

and Gβγ. 
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II.B. G Protein-Coupled Receptors (GPCRs) 

GPCRs are one of the largest and most diverse families of receptors (Roey Kim Van 

2004). They are able to respond to a large variety of signals such as: photons, odorants, 

neurotransmitters, hormones, glycoproteins, and chemokines (Preininger and Hamm 

2004); and are targets for 30% of all pharmaceuticals in the market (Oldham and Hamm 

2008). All GPCRs share structural elements, containing 7 transmembrane α-helix 

domains, an extracellular N-terminus and an intracellular C-terminus (Jackson 1991; 

Oldham and Hamm 2008). There are approximately 800 human genes encoding GPCRs 

but only 21 different Gα, 6 different Gβ and 12 different Gγ (Clapham and Neer 1997; 

Oldham and Hamm 2008).   

 

II.C. Effectors modulated by G proteins  

G proteins are divided into classes depending on the family of Gα that they contain. 

Gα are subdivided into four main families: Gαs, Gαi/o, Gαq/11, and Gα12/13 that differ in 

effector recognition (Preininger and Hamm 2004). Gαs activates the membrane associated 

enzyme adenylate cyclase which converts ATP into cAMP. cAMP acts as a second 

messenger activating protein kinase A (PKA) which phosphorylates downstream targets; 

Gαq/11 stimulates membrane-bound phospholipase C, which cleaves the phospholipid PIP2 

into two second messengers, IP3 and diacylglycerol (DAG) (Rhee 2001); Gα12/13 

stimulates phospholipase A2 and controls cell cytoskeleton remodeling, thus regulating 

cell migration (Dhanasekaran and Dermott 1996); and Gαi/o which inhibits adenylyl 

cyclase (Sunahara, Dessauer et al. 1996). Gαi/o signaling is blocked by pertussis toxin 
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(PTX) which ADP-ribosylate Gαi/o, inhibiting receptor interaction. Furthermore, Gβγ 

release after activation of a Gαi/o coupled receptor is able to interact with a family of 

Potassium channels involved in the control of cell excitability. The work presented in this 

thesis describes my efforts to better understand the modulation of G protein activated 

potassium channels.    

 

III.  Potassium channels 

Ion channels are transmembrane proteins that form a pore, allowing specific ions to 

pass through the impermeable plasma membrane, enabling cells to adapt to changes in 

their ionic environment. Ion channels are classified by their ion selectivity and their 

gating properties. Potassium channels are found in both non-excitable and excitable cells 

where their functions include the regulation of: membrane potential, signal transduction, 

hormone release, vascular tone, cell volume and immune responses (Curran 1998). 

Potassium channel function in excitable cells is to hyperpolarize the cell membrane 

resulting in decreased excitability. Potassium channels contribute to important processes 

such as regulation of action potentials in neurons and cardiac muscle (Hille and Schwarz 

1979). Potassium channel gating is regulated by a wide variety of stimuli including 

changes in membrane voltage or intracellular levels of certain ions, small organic 

molecules and proteins (e.g. Ca+2, ATP, cAMP or G-protein subunits) (Ocaña, Cendán et 

al. 2004). Potassium channel function has been linked to: cardiovascular diseases 

(ventricular arrhytmias, QT syndrome, atrial fibrillation), vascular diseases (Bartter 

syndrome, pulmonary vasoconstriction), epilepsy, sickle cell anemia, skeletal muscle 
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disorders, islet cell metabolism (insulin secretion), immunosupression/inflammation and 

cancer (Curran 1998).   

 

III.A.  Potassium channel families 

Four different families of potassium channels have been proposed by the International 

Union of Pharmacology (IUPHAR), based in their structural and phylogenetic 

relationship (Gutman, Chandy et al. 2003). This classification includes: Voltage-gated K+ 

channels (Kv), formed by tetramers of six transmembrane spanning domain subunits, 

with intracellular N- and C- terminus, and one pore; calcium-activated K+ channels (KCa), 

which are composed of tetramers of six and seven transmembrane domain proteins, 

forming a single pore. All KCa channels are activated when the concentration of 

cytoplasmic Ca+2 increases. Two pore K+ channels (K2P), include proteins with four 

transmembrane domains and two pores. And inward rectifiers (Kir, GIRK, KATP), which 

are tetramers, formed by two transmembrane domain proteins, containing intracellular N- 

and C-termini, and one pore (Gutman, Chandy et al. 2003; Ocaña, Cendán et al. 2004). 

The focus of my research is a subfamily of inward rectifier channels that are activated 

through G proteins, by neurotransmitters and drugs of abuse.     

 

III.B. Potassium Inward Rectifier Channels (Kir)  

Inward rectification refers to the ability of some potassium channels to conduct larger 

currents in the inward direction, compared to outward in the absence of a K+ gradient 

across the membrane. Inward rectification is caused by intracellular substances such as 

Mg+2 and polyamines, which interact with two negatively charged residues near the pore 
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region, physically inhibiting the ion flow from the cytoplasm to the extracellular space 

(Isomoto, Kondo et al. 1997; Barenholz 2004). Inward rectification depends on the 

equilibrium potential of potassium (EK) and the voltage at the membrane (Vm); this 

voltage dependence reflects the movement of K+ ions within the electric field in the pore, 

which displaces Mg+2 ions, increasing channel conductance (Lu 2004).    

The KIR channel family shares a highly conserved K+ selectivity sequence GYG in 

the pore region (Jan and Jan 1994; MacKinnon 1995; Dascal 1997). The family is 

subdivided into seven subfamilies (Kir1.0-Kir7.0) on the bases of molecular and 

electrophysiological features. These families are further subdivided into subtypes, based 

on their biophysical properties: classical inward rectifying K+ channels (Kir2), G protein-

activated K+ channels (Kir3), ATP-sensitive K+ channels (Kir6) and ATP dependent K+ 

channels (Kir1 and Kir4) (Butt and Kalsi 2006). My research is focused on the G protein 

activated subfamily of inward rectifier potassium channels (Kir3.0), also known as 

GIRKs.  

 

IV.  G protein coupled Inwardly Rectifying K+ channels (GIRK)   

GIRK channels are mainly expressed in excitable cells such as atrial myocytes and 

neurons, where they are able to respond to a wide variety of neurotransmitters including: 

opioids, acetylcholine, adenosine, dopamine, γ-aminobutyric acid (GABA), serotonin, 

norepinephrine, and somatostatin (North 1989; Drake, Bausch et al. 1997; Lüscher, Jan et 

al. 1997; Inanobe, Yoshimoto et al. 1999; Dutar, Petrozzino et al. 2000). GIRK channel 

activity is mainly modulated by G protein activation (Fig. 2), however, it can also be 

modulated by other molecules.  
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IV.A. Modulation of GIRK channels activity  

GIRK channel activity is modulated by other intracellular factors and processes such 

as: Na+, Mg+2, oxidation-reduction, phosphorylation, acidification and regulators of G 

protein signaling (RGS) (Zeidner, Sadja et al. 2001; Stanfield Peter R. 2002; Mao, Wu et 

al. 2003; Sadja, Alagem et al. 2003). RGS proteins are not involved in channel gating, 

however, they accelerate activation and deactivation kinetics, by increasing the Gαi/o 

GTP hydrolysis rate (Mark and Herlitze 2000).  Furthermore, PIP2 was discovered to be a 

necessary co-factor for channel function, Gβγ has been proposed to increase GIRK 

channel activity by stabilizing the interaction between PIP2 and the channel (Huang, Feng 

et al. 1998; Sui 1998; Zhang, He et al. 1999; Lei Qiubo 2003). This becomes important as 

activation of GPCR linked to Gαq, which activates PLC decreasing PIP2 levels at the 

membrane, have been shown to inhibit GIRK channels activated by a Gαi/o GPCR (Jan 

and Jan 2000; Lei, Talley et al. 2001; Lei Qiubo 2003). 
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Figure 2. GIRK signaling pathway 

GIRK activity is primarily modulated by G protein activation. Gβγ release from a Gi/o G 

protein following GPCR activation, is able to interact with the channel, stabilizing PIP2-

GIRK interactions. Activated GIRK channels are able to impact the membrane potential. 

Activation of GIRK channels results in hyperpolarization of the cell membrane reducing 

excitability.  
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IV.B. GIRK subunit expression 

There are at least four different subunits identified in mammals (GIRK1-4), with 60-

80% amino acid sequence homology (Dascal 1997). GIRK subunits combine to form 

homo- and heterotetrameric complexes, that are activated by direct interaction with Gβγ 

released from Gαi/o G proteins (Logothetis, Kurachi et al. 1987; Krapivinsky, Krapivinsky 

et al. 1995).  

 GIRK1 and GIRK4 are the only subunits expressed in the heart, where they form a 

channel known as IKACh that plays a pivotal role in the parasympathetic control of heart 

rate (Krapivinsky, Gordon et al. 1995; Wickman and Clapham 1995; Mark and Herlitze 

2000). In contrast, all GIRK subunits mRNAs have been found in the brain where they 

show overlapping and distinct distribution (Jelacic, Kennedy et al. 2000).  

Neuronal GIRK channels are thought to be composed of GIRK1-3. Due to the very 

limited distribution of GIRK4 in the brain (Wickman, Karschin et al. 2000), all three 

neuronal GIRK subunits are expressed in the olfactory bulb, dentate gyrus granule cells, 

hippocampal CA1-CA3 pyramidal neurons, neocortex, amygdala, granule cell layer of 

the cerebellum, locus coeruleus and gabaergic neurons in the ventral tegmental area 

(VTA).  

In contrast, other regions show expression of only one or two subunits including 

GIRK1 and GIRK3 in the molecular layer of the cerebellum; GIRK2 and GIRK3 in 

dopaminergic neurons of the VTA and GIRK2 alone in substantia nigra pars compacta 

(SNc) (Dissmann, Wischmeyer et al. 1996; Karschin, Dissmann et al. 1996; Labouebe, 

Lomazzi et al. 2007).  
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Based on the assumption that subunits expressed in a given cell type, co-assemble to 

form channel complexes, differential GIRK subunit expression suggests that molecular 

diversity of GIRK channels (channels formed by different subunit compositions) exist in 

different neuron populations. 

My thesis is focused on neuronal GIRK channels which have been implicated in pain 

and analgesia (Blednov YA 2003; Mitrovic, Margeta-Mitrovic et al. 2003; Marker, 

Stoffel et al. 2004), reward (Blednov, Stoffel et al. 2001; Blednov, Stoffel et al. 2001; 

Morgan, Carroll et al. 2003; Cruz, Berton et al. 2008; Pravetoni M. 2008), anxiety 

(Blednov, Stoffel et al. 2001; Pravetoni M. 2008), and energy homeostasis (Perry, 

Pravetoni et al. 2008). Despite the evident importance of these channels to normal 

physiology surprisingly little is known about the contribution of individual subunits to 

channel function. In Chapter 2 and Chapter 4 we look at the contribution of different 

subunits to GIRK channel function by taking advantage of our full panel of GIRK subunit 

knockout animals. In the next section I will summarize what is known about the 

contribution of each subunit to channel function and the behavioral effects of subunit 

ablation as seen on GIRK knockout mice.   

 

IV.C. GIRK1 

GIRK1 was the first subunit isolated from rat atrium by expression cloning in 

xenopus oocytes (Dascal, W et al. 1993; Kubo, Reuveny et al. 1993). Interestingly, 

GIRK1 does not form functional homotetramers, when expressed alone it localizes to the 

cytoskeleton (Kennedy, Nemec et al. 1996). Although, GIRK1 does not form functional 

homomultimers, it is known to form functional heterotetramers with all other subunits 



 16

(GIRK 2, 3 & 4) in expression systems (Kofuji, Davidson et al. 1995; Krapivinsky, 

Krapivinsky et al. 1995; Velimirovic, Gordon et al. 1996; Jelacic, Sims et al. 1999; 

Stanfield Peter R. 2002). Furthermore, it was discovered that GIRK1 cannot be trafficked 

to the cell membrane. It possesses an Endoplasmic Reticulum (ER) retention signal that 

only in the presence of another subunit gets glycosylated (Fig. 3) and is properly 

trafficked to the cell membrane (Kennedy, Nemec et al. 1999).  

GIRK1 possess some unique characteristics when compared to the other subunits. Co-

expression of GIRK1 with either, GIRK2, GIRK3 or GIRK4, results in a 7-40 fold 

increase in current when compared to expression of any of the subunits alone (Kofuji, 

Davidson et al. 1995). This is due to the C-terminal 150 amino acids of GIRK1 (Chan, 

Sui et al. 1997). Furthermore, the deletion or substitution of the N-terminus of GIRK1 

results in slower activation and deactivation kinetics (Slesinger, Reuveny et al. 1995; 

Mark and Herlitze 2000). Similarly, GIRK1 is able to correct aberrant single channel 

properties of GIRK2 and GIRK4 homotetramers, and increase sensitivity to Gβγ of 

GIRK3 containing channels (Kofuji, Davidson et al. 1995; Krapivinsky, Krapivinsky et 

al. 1995; Velimirovic, Gordon et al. 1996; Jelacic, Sims et al. 1999; Jelacic, Kennedy et 

al. 2000; Stanfield Peter R. 2002). 

 

IV.D. GIRK2 

GIRK2 was cloned from mouse brain based on its homology to GIRK1 (Lesage, 

Duprat et al. 1994). The importance of GIRK2 to normal physiology is highlighted in 

weaver mice, where a single point mutation in the pore region of GIRK2 (SYG instead of 

GYG) causes degeneration of cerebellar granule cells and dopaminergic neurons in 
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substantia nigra, resulting in severe motor deficiencies (Hess 1996), male infertility, 

severe ataxia, hyperactivity and spontaneous seizures (Signorini, Liao et al. 1997; 

Slesinger, Stoffel et al. 1997).  

The study of GIRK2 function is complicated by the different splice isoforms that 

have been identified GIRK2A-GIRK2D (Lesage, Guillemare et al. 1995; Isomoto, Kondo 

et al. 1996; Wei, Hodes et al. 1998; Inanobe, Horio et al. 1999). Three splice isoforms are 

expressed in the brain GIRK2A-GIRK2C, all differing on the length of their C-terminus. 

The fourth isoform GIRK2D was identified in testis (Inanobe, Horio et al. 1999; Inanobe, 

Yoshimoto et al. 1999).  

 

IV.D.1. GIRK2 neuronal isoforms 

GIRK2A and GIRK2C are identical except for 11 extra amino acids present in 

GIRK2C (Lesage, Guillemare et al. 1995). GIRK2B in contrast is 100 amino acids 

shorter than the other two isoforms (Isomoto, Kondo et al. 1996). All GIRK2 isoforms 

contain a post golgi export motif in the C-terminus (ELETEEEE) (Fig. 3) with the 

exception of GIRK2B (Isomoto, Kondo et al. 1996; Ma, Zerangue et al. 2002). 

Interestingly, within the extra 11 amino acids found on GIRK2C a PDZ binding 

sequence (ESKV) is found (Fig. 3) (Lesage, Guillemare et al. 1995); similar motifs have 

been shown to interact with PDZ domains of anchoring proteins, and are responsible for 

localization of K1 channels and NMDA receptors (Kim, Niethammer et al. 1995; Kornau, 

Schenker et al. 1995; Sheng 1996). Other inward rectifier K+ channels possess similar 

domains (K1, Kir2.1, Kir2.3 and Kir4.1) that have been shown to interact with PDZ 

domain containing anchoring proteins (Cohen N. 1996; Horio, Hibino et al. 1997); 
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suggesting the possibility that GIRK channels interact with PDZ domain containing 

proteins (Inanobe, Yoshimoto et al. 1999).  

 

IV.E.  GIRK3   

GIRK3, similar to GIRK2, was cloned from mouse brain based on its homology to 

GIRK1 (Lesage, Duprat et al. 1994). Interestingly, a second cloning effort using RT-

PCR, found a cDNA that was different from that previously reported, by two amino acids 

near the transmembrane region and seventeen amino acids on the C-terminus (Jelacic, 

Sims et al. 1999). Furthermore the seventeen amino acid sequence on the C-terminus 

ended with the ESKV sequence (Fig. 3), which is also found on GIRK2C and is a binding 

domain for PDZ containing proteins (Jelacic, Sims et al. 1999).  

Although GIRK3 appears to be the most abundant GIRK in the brain (Kobayashi T. 

1995; Karschin, Dissmann et al. 1996; Chen SC 1997; Dascal 1997; Karschin C 1997; 

Jelacic, Sims et al. 1999), there is no consensus regarding its function. Some studies in 

expression systems have failed to see functional GIRK currents when GIRK3 is 

expressed alone (Dissmann, Wischmeyer et al. 1996; Ma, Zerangue et al. 2002) or with 

GIRK1 (Kofuji, Davidson et al. 1995; Ma, Zerangue et al. 2002). In contrast, others have 

seen functional GIRK3 channels when GIRK1 (Dissmann, Wischmeyer et al. 1996; 

Wischmeyer E 1997; Jelacic, Sims et al. 1999) or GIRK2 is co-expressed (Jelacic, 

Kennedy et al. 2000).  

Comparison of channels of different subunit composition (GIRK1/GIRK2, 

GIRK1/GIRK4 and GIRK1/GIRK3) showed that biophysical properties are independent 

of subunit composition (Jelacic, Sims et al. 1999). However, co-expression of GIRK2 and 
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GIRK3 resulted in channels that show a five-fold decrease in Gβγ sensitivity (Jelacic, 

Kennedy et al. 2000). Similarly, dopamine neurons of the VTA where only GIRK2C and 

GIRK3 are expressed, showed a higher EC50 for activation of GIRK channels by the 

GABAB receptor agonist baclofen than GABA neurons of the VTA which express 

GIRK1, GIRK2C and GIRK3 (Cruz, Ivanova et al. 2004). Together, these data argue that 

GIRK3 forms functional channels that differ from GIRK1 containing channels in their 

Gβγ sensitivity. 

However, a role for GIRK3 in the regulation of the number of functional GIRK 

channels (GIRK1/GIRK2) in the cell membrane has been proposed (Ma, Zerangue et al. 

2002). In this study Ma et al found that GIRK3 homotetramers and GIRK1/GIRK3 

heterotetramers are not functional and are localized to the ER, due to the presence of an 

YXXØ-type (YWSI) lysosomal targeting signal, on the C-terminus of GIRK3 (Fig. 3), 

and the absence of the ER export signal found on GIRK2A and GIRK2C (Fig. 3). 

Moreover, they observed a decrease in surface expression of either GIRK1/GIRK2 or 

GIRK1/GIRK4 when GIRK3 was co-expressed, which is consistent with reports of 

reduced GIRK2 currents (Kofuji, Davidson et al. 1995) or GIRK1/GIRK2 currents 

(Wischmeyer E 1997) when GIRK3 is co-expressed. 

Discrepancies in studies looking at GIRK subunit contribution to GIRK function in 

expression systems highlight the need for a native system to study GIRK signaling. I will 

briefly discuss the different tools that are available to improve our understanding of 

GIRK channels.  

 

 



 20

Figure 3. Structural features of neuronal GIRK subunits  

GIRK subunits exhibit a high degree of identity in membrane-spanning (M1, M2), 

extracellular (x1, x2) and pore (P) domains. Most structural differences are evident in the 

intracellular N- and C-terminal domains. N-glycosylation (gly) of GIRK1 is a marker of 

subunit heteroassembly and membrane distribution (Kennedy, Nemec et al. 1999). Three 

GIRK2 splice isoforms (A, B, C) found in the CNS differ only in their extreme C-

terminal domains. GIRK2A and GIRK2C display an endoplasmic reticulum export signal 

(ELETEEEE) not found on the other neuronal GIRK subunits (Ma, Zerangue et al. 2002). 

GIRK2C and GIRK3 exhibit an identical, putative PDZ interaction motif (ESKV) at the 

extreme C-terminus. GIRK3 C-terminus also contains a lysozomal targeting signal 

(YWSI) that is thought to modulate the surface expression of GIRK channels. 
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V. GIRK channel Pharmacology 

Although, there are no good pharmacological tools to study GIRK channels, several 

compounds have been shown to activate GIRK channels including: Gβγ (Logothetis, 

Kurachi et al. 1987; Krapivinsky, Krapivinsky et al. 1995), Na+ (Rishal, Keren-Raifman 

et al. 2003) and ethanol (Kobayashi, Ikeda et al. 1999; Lewohl, Wilson et al. 1999). 

Similarly, there are compounds that have been shown to inhibit GIRK channels 

including: Ba2+ (Takigawa and Alzheimer 1999), Cs+ (Sodickson and Bean 1996), 

tertiapin (Jin and Lu 1998; Jin, Klem et al. 1999; Jin and Lu 1999; Kitamura, Yokoyama 

et al. 2000), fluoxetine (Kobayashi, Washiyama et al. 2003), paroxetine (Kobayashi, 

Washiyama et al. 2006), desipramine (Kobayashi, Washiyama et al. 2004; Takahashi, 

Kobayashi et al. 2006) and clozapine (Kobayashi, Ikeda et al. 2000), bupivacaine (Zhou, 

Arrabit et al. 2001), the D1 dopamine receptor antagonist SCH23390 (Kuzhikandathil 

and Oxford 2002), the DOR antagonists naltrindole and naltriben (Shirasaki, Abe et al. 

2004) and the KOR agonists U50488H and U69593 (Ulens, Daenens et al. 1999; 

Shankar, Murugappan et al. 2004). However their low potency and non-selectivity limit 

their utility in the laboratory.  

 

VI.  GIRK Knockout mice 

The lack of good pharmacological reagents to activate or block selectively GIRK 

channels hinders our ability to study GIRK channel function. To unearth the contribution 

of each individual subunit to GIRK channel activity, constitutive knockout mice were 

created using homologous recombination techniques (Signorini, Liao et al. 1997; Bettahi, 

Marker et al. 2002; Torrecilla, Marker et al. 2002). 
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GIRK1 and GIRK2 knockout (KO) mice displayed: hyperalgesia and decreased 

analgesic response to morphine administration (Marker CL 2002; Blednov YA 2003; 

Mitrovic, Margeta-Mitrovic et al. 2003; Marker, Stoffel et al. 2004), decreased anxiety, 

decreased baclofen induced ataxia and increased operant responding for food (Pravetoni 

M. 2008). Moreover, GIRK2 KO animals also exhibited increased susceptibility to 

spontaneous and pharmacologically induce seizures (Signorini, Liao et al. 1997), blunted 

behavioral responses to ethanol (Blednov, Stoffel et al. 2001) and reduced cocaine self-

administration (Morgan, Carroll et al. 2003). 

 Consistent with behavioral data arguing the importance of GIRK2 subunit for normal 

physiology, GIRK currents were significantly reduced or absent in neurons from GIRK2 

KO hippocampus (Lüscher, Jan et al. 1997; Koyrakh, Lujan et al. 2005), locus coeruleus 

(Torrecilla, Marker et al. 2002), substantia nigra (Koyrakh, Lujan et al. 2005), cerebellum 

(Slesinger, Stoffel et al. 1997), and VTA (Cruz, Ivanova et al. 2004). Furthermore, 

GIRK2 KO mice show significantly reduced levels of GIRK1 protein, despite normal 

levels of GIRK1 mRNA, indicating that GIRK2 is necessary for the proper post-

transcriptional modification of GIRK1 channels (Signorini, Liao et al. 1997). The 

behavioral aberrations and dramatic decrease in currents, combined with a decrease in 

GIRK1 expression suggest that GIRK1 and GIRK2 heterotetramers are the main 

functional GIRK channel in the brain.  

In contrast to the GIRK1 and GIRK2 KO mice, GIRK3 KO mice behave 

indistinguishably from wild-type in tests used to measure anxiety and  motor activity and 

coordination (Pravetoni M. 2008). Not surprisingly, GIRK3 ablation had little impact on 

GIRK currents in the hippocampus, substantia nigra pars compacta (SNc) or spinal cord 
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(Koyrakh, Lujan et al. 2005; Marker, Lujan et al. 2006). However, GIRK3 KO mice 

displayed: reduced cocaine self administration (Morgan, Carroll et al. 2003), hyperalgesia 

(Marker CL 2002; Marker, Stoffel et al. 2004), and reduce analgesia from systemic 

morphine administration (Smith SB 2008). Consistent with a role of GIRK3 in analgesia, 

in the locus coeruleus GIRK3 showed reduced opioid inhibition (Torrecilla, Marker et al. 

2002). Furthermore, GIRK3 ablation results in increased potency of baclofen in 

dopamine neurons of the VTA (Labouebe, Lomazzi et al. 2007).  

GIRK channels show overlapping but distinct distributions, suggesting variations in 

channel subunit composition between neuronal populations are possible and may play a 

role in the behavioral differences seen in GIRK KO mice. In Chapter 2 we used RT-PCR 

and immunohistochemistry to look at the distribution of GIRK subunits in different 

neuron populations in the cerebellum to gain insight into variations of GIRK subunit 

composition in vivo.  

 

VII.  Molecular diversity of GIRK channels 

Cell biological, biochemical, and electrophysiological evidence indicated that 

GIRK1/GIRK2 heteromultimers represent the dominant functional GIRK channel in the 

brain, whereas GIRK3-containing channels contribute by controlling trafficking and cell 

surface expression of GIRK1/GIRK2 heteromultimers. However, there are areas of the 

brain that only express GIRK2, or GIRK2 and GIRK3 and still show functional GIRK 

channels (Jelacic, Kennedy et al. 2000; Cruz, Ivanova et al. 2004). Furthermore, the 

complete loss of opioid-induced currents in locus coeruleus neurons, required the 

concurrent ablation of both GIRK2 and GIRK3 (Torrecilla, Marker et al. 2002); and 



 25

GIRK3 ablation significantly reduced cocaine self administration, implicating GIRK3 in 

reward behavior (Morgan, Carroll et al. 2003). Although, the relevance of GIRK3 is not 

known, the behavioral effects seen in GIRK3 KO animals, and the overlapping 

distribution with GIRK1 and GIRK2 argues that channels of different subunit 

composition, contribute to the physiological effects of GIRKs.  Moreover, studies in 

expression systems found that GIRK channels of different subunit compositions differ in 

single-channel profiles, whole cell current kinetics and Gβγ sensitivity (Duprat, Lesage et 

al. 1995; Lesage, Guillemare et al. 1995; Jelacic, Kennedy et al. 2000). 

GIRK subunit composition can affect not only channel function but also localization. 

As shown on Figure 3 GIRK subunits contain different domains that are thought to affect 

their membrane localization. However, little is known about whether channels with 

different subunit composition localized in different compartments in the plasma 

membrane. In Chapter 3 we used immunoelectron microscopy and membrane 

fractionation to look at the localization of GIRK subunits into the synapse and lipid 

compartments at the plasma membrane.  

 

VIII.  GIRK signaling compartmentalization 

While native GIRK channels are activated exclusively by Gi/o G proteins (North 

1989; Wickman and Clapham 1995; Mark and Herlitze 2000), in expression systems 

specificity is lost, and co-expression of either Gs or Gq coupled receptors with GIRK 

channels results in ligand gated channel activation (Lim, Dascal et al. 1995; Robillard, 

Ethier et al. 2000; Wellner-Kienitz, Bender et al. 2001). Furthermore, different Gβγ 

subunit combinations, have been shown to interact and activate GIRK channels 
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(Wickman, Iniguez-Lluhi et al. 1994; Lei Qiubo 2003). Altogether, these data indicate 

that GIRK signaling specificity is not completely achieved by interactions between G 

protein subunits and the channels, although some level of specificity might be achieved 

through G protein interactions since receptors discriminate which Gα they couple to, and 

different Gβγ subunit combinations show differential affinities for Gα (Stanfield Peter R. 

2002). Moreover, the distribution of GIRK channels might play a role in specificity, since 

channels are found on postsynaptic membranes (Marker, Lujan et al. 2005) where the 

number of neurotransmitter systems they can interact with is limited. However, 

distribution to postsynaptic membranes is probably not the main determinant to 

specificity, since there are numerous examples of postsynaptic, non-Gi/o-coupled GPCRs, 

that do not modulate GIRK channel activity in vivo (Ponce, Bueno et al. 1996; Drake, 

Bausch et al. 1997; Lüscher, Jan et al. 1997; Takigawa and Alzheimer 1999). Therefore, 

a compartmentalization mechanism might serve to restrict inappropriate, or facilitate 

appropriate interactions between GIRK channels and GPCRs in vivo. Furthermore, 

compartmentalization can mediate molecular diversity of GIRK channels, by keeping 

channels of different subunit composition separated from each other at the membrane.  
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I. GIRK channels in the Cerebellum 

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

slow post-synaptic inhibitory effect of numerous neurotransmitters and related drugs of 

abuse (North 1989; Lüscher, Jan et al. 1997). Four mammalian GIRK subunit genes 

(GIRK1–4) have been identified, and alternative splicing of the GIRK2 gene yields 

multiple distinct protein products (Wei, Hodes et al. 1998). These observations, as well as 

evidence for expression of all four subunits in the CNS (Karschin, Dissmann et al. 1996; 

Liao, Jan et al. 1996; Murer, Adelbrecht et al. 1997), have fueled speculation that 

neuronal GIRK channels exhibit significant molecular and functional diversity. While 

random tetrameric assembly of four distinct subunits would generate a heterogeneous 

population of neuronal GIRK channels, several observations suggest that the molecular 

diversity of neuronal GIRK channels is limited. First, GIRK4 expression is restricted to a 

small number of neuron populations (Wickman, Karschin et al. 2000). Second, GIRK1 

contains an endoplasmic reticulum (ER) retention signal and requires co-expression with 

another GIRK subunit to achieve membrane distribution (Krapivinsky, Gordon et al. 

1995; Hedin, Lim et al. 1996; Kennedy, Nemec et al. 1996; Ma, Zerangue et al. 2002). 

Third, GIRK3 has been proposed to function in a channel-trafficking capacity, directing 

functional GIRK channels toward lyzosomal degradation (Ma, Zerangue et al. 2002). 

Thus, the neuronal GIRK channel population is often considered to consist primarily, if 

not exclusively, of GIRK1/GIRK2 heteromultimers or GIRK2 homomultimers.  

Although neuronal GIRK channels may consist primarily of GIRK1 and/or GIRK2, 

compelling data argue that other subunit combinations are relevant and exhibit unique 

functional properties. For example, GIRK2/GIRK3 heteromeric complexes, exhibited a 
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reduce sensitivity to Gβγ and have been isolated from the mouse brain (Jelacic, Kennedy 

et al. 2000); they may carry the metabotropic GABA receptor-dependent GIRK current in 

dopamine neurons of the VTA (Cruz, Ivanova et al. 2004). 

While the functional implications of GIRK channel subunit composition in vivo 

remain largely unknown, it seems reasonable to speculate that subunit composition 

confers unique functionality to GIRK channels and host neurons. In this regard, the 

cerebellum is an ideal structure for examining diversity within the neuronal GIRK 

channel repertoire. Because, in situ hybridization suggests that GIRK1, GIRK2, and 

GIRK3 mRNAs are present in the cerebellum (Karschin, Dissmann et al. 1996; Liao, Jan 

et al. 1996). Furthermore, a natural mutation in GIRK2 is responsible for the 

degeneration of cerebellar granule cells seen in weaver mice, suggesting that GIRK 

function is necessary for the proper development of the cerebellum (Signorini, Liao et al. 

1997).  

 

III.  GIRK subunit expression 

Consistent with previous data showing mRNA expression of GIRK1-GIRK3 in 

cerebellum (Karschin, Dissmann et al. 1996; Liao, Jan et al. 1996),  western blot from 

cerebellar membrane protein extracts, confirm the presence of GIRK1-3 proteins in the 

cerebellum (Fig. 1A). By quantitative measurement of residual GIRK in KO animals, we 

found that GIRK2 and GIRK3 subunits were reduced by 23 ± 1% (p < 0.05) and 69 ± 2% 

(p < 0.01), respectively, in the GIRK1 KO cerebellum. Similarly, the heavily 

glycosylated form of GIRK1 subunit was reduced by 49 ± 2% (p < 0.01) in GIRK2 KO 

cerebellum, and 44 ± 3% (p < 0.01) in GIRK3 KO cerebellum. In GIRK2/GIRK3 double 
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KO cerebellum, the heavily glycosylated form of GIRK1 subunit was reduced by 79 ± 

3% (p < 0.01) (Fig. 1A-B). Thus, the ablation of a given GIRK subunit correlates with 

diminished cerebellar content of the residual subunits, suggesting that GIRK subunits co-

assembled to form heteromeric GIRK channels in the cerebellum, similar to our 

observations in the hippocampus. Given that the mature glycosylation of GIRK1 subunit, 

occurs as a consequence of heteromeric channel assembly and in parallel with its plasma 

membrane distribution (Krapivinsky, Gordon et al. 1995; Kennedy, Nemec et al. 1999); 

the dramatic reduction noted in the GIRK2/GIRK3 double KO cerebellum argues that 

GIRK1 forms functional channels primarily with GIRK2 and GIRK3 subunits in the 

cerebellum. 
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Figure 1. Impact of GIRK subunit ablation on the expression of GIRK subunits in  

the cerebellum.  

A. Representative immunoblots of cerebellar membrane protein extracts from: WT, 

GIRK1 (G1), GIRK2 (G2), GIRK3 (G3), and GIRK2/GIRK3 (G2/3) KO mice. For all 

the different blots, 20 µg of membrane protein was loaded. Blots were probed with 

antibodies (Ab) for GIRK1, GIRK2, and GIRK3. GIRK1 immunoreactivity was 

visualized as three bands. Reduction in the level of the heavily glycosylated (h) GIRK1 

species was correlated with the absence of GIRK2 and GIRK3, respectively. The levels 

of GIRK2 and GIRK3 were also lower in samples from KO mice. B. Densitometric 

analysis of the impact of GIRK subunit ablation on residual GIRK protein levels in the 

cerebellum. Cerebellar protein extracts were obtained from three separate and complete 

panels of WT and GIRK KO mice, and the levels of GIRK1 (heavily glycosylated form, 

h-GIRK1), GIRK2 and GIRK3 were determined. ***p < 0.001 compared with WT; +p < 

0.01 GIRK2/GIRK3 KO compared with GIRK2 KO and GIRK3 KO; ^p < 0.001 GIRK3 

KO compared with GIRK1 KO. 
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III.  GIRK subunit heteroassembly  

To determine whether GIRK1, GIRK2, and GIRK3 subunits form heteromeric 

complexes in the cerebellum, co-immunoprecipitation experiments were carried out using 

solubilized cerebellar membrane protein extracts. All the antibodies tested were capable 

of immunoprecipitating the target subunit, as judged by the size of immunoprecipitated 

bands seen in subsequent immunoblotting (Fig. 2). Furthermore, the GIRK1 antibody co-

precipitated both, GIRK2 and GIRK3 subunits (Fig. 2, lane 2); similarly, the GIRK2 

antibody co-precipitated both, GIRK1 and GIRK3 subunits (Fig. 2, lane 3); and the 

GIRK3 antibody co-precipitated both, GIRK1 and GIRK2 subunits (Fig. 2, lane 4). 

These observations, suggest that the three neuronal GIRK subunits interact with one 

another in the cerebellum. 
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Figure 2. Co-immunoprecipitation of GIRK channel subunits in the cerebellum. 

Membranes from cerebellum were solubilized and processed for immunoprecipitation, 

using rabbit anti-FLAG polyclonal antibody as control IgG (2 µg/mL), rabbit anti-GIRK1 

polyclonal antibody (1 µg/mL), rabbit anti-GIRK2 polyclonal antibody (1 µg/mL), or 

rabbit anti-GIRK3 polyclonal antibody (1 µg/mL). Solubilized membranes (IP Input) and 

immunoprecipitates were analyzed by SDS–polyacrylamide gel electrophoresis (20 µg of 

membrane proteins was always loaded), and immunoblotted using rabbit anti-GIRK1 

polyclonal antibody (1:1000), rabbit anti-GIRK2 polyclonal antibody (1:1000) or rabbit 

anti-GIRK3 polyclonal antibody (1:1000). A HRP-conjugated, anti-rabbit IgG 

TrueBlot™ (1:1000), was used as a secondary antibody in order to avoid IgG 

crossreactivity. The immunoreactive bands were visualized by chemiluminescence. 
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IV.  Cellular distribution of GIRK subunits 

To discern the GIRK subunit expression pattern in different cerebellar cell types (Fig. 

3), we used quantitative RT-PCR detection for GIRK subunits and markers of specific 

neuron populations including: GAD65/67 (a marker for basket and stellate cells), 

calbindin (a marker for Pc), GFAP (a marker for glial cells), and vGluT1 (a marker for 

granule cells). Since Golgi cells and unipolar brush cells are surrounded by granule cells 

we could not rule out contamination, so instead of RT-PCR we used 

immunohistochemistry.  
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Figure 3. Schematic representation cerebellar cell types probed for GIRKs  

The cerebellum can be divided into three main layers, distinguish by the cells that they 

contain: Granular layer (contains granule (Gc), golgi, and unipolar brush cells (Ub)), 

Purkinje layer (only contains Purkinje cells) and molecular layer (contains basket (Bc) 

and stellate cells (Sc)) (Ito 2006). The cerebellar granule cells receive excitatory inputs 

from the spinal cord and brain stem through mossy fibers. Golgi cells provide inhibitory 

input to granule cells, whereas unipolar brush cells amplify the excitatory input. The 

signals from granule cells, is sent to Purkinje cells, basket cells and stellate cells. Basket 

cells and stellate cells provide inhibitory feedback to Pc. Pc integrates cerebellar signals 

and provide the only output from the cerebellum (Ito 2006).    
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IV.A.  RT-PCR 

By quantitative RT-PCR, we observed that granule cells expressed GIRK1, GIRK2, 

and GIRK3, but not GIRK4 mRNA. Relative mRNA expression levels were similar for 

GIRK1 (9.9 ± 0.8, n=6), GIRK2 (15.0 ± 0.7, n=7), and GIRK3 (15.3 ± 0.6, n=4) (Fig. 

4A, Table 1). Similarly, we found that Purkinje cells (Pc) express GIRK1, GIRK2, and 

GIRK3 mRNAs, but not GIRK4 mRNA. Furthermore, GIRK3 mRNA was found in all 

analyzed calbindin positive cells (8/8, Pc cells), whereas GIRK2 and GIRK1 were 

expressed only in three (3/8, Pc cells) and six (6/8, Pc cells), respectively. Relative 

mRNA expression levels of GIRK-positive Pc cells were 12.4 ± 1.4 for GIRK1 (n=6), 

15.0 ± 4.2 for GIRK2 (n=3), and 28.0 ± 6.9 for GIRK3 (n=8) (Fig. 4B, Table 1), 

suggesting that GIRK3 is the most abundant GIRK-subunit in Pc cells. In addition to 

granule cells and Pc, we also evaluated by RT-PCR, the expression and distribution of 

GIRK subunits in basket cells and stellate cells. We identified basket and stellate cells by 

their distribution in the inner one-third and outer two-thirds of the molecular layer, 

respectively (Fig. 3), and by the expression of GAD65 or GAD67 but not calbindin, 

GFAP, or vGluT1. Quantitative RT-PCR data, suggests that basket cells expressed 

GIRK1 and GIRK3 mRNAs, but not the GIRK2 or GIRK4 mRNA. Relative mRNA 

expression levels of GIRK-positive cells were 7.6 ± 5.8 for GIRK1 (n=4) and 12.3 ± 2.9 

for GIRK3 (n=6) in basket cells (Fig. 4C, Table 1). In stellate cells, quantitative data 

suggested very low levels of GIRK3 mRNA (3.1 ± 1.0, n=6) (Fig. 4D, Table 1). 
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Figure 4. Differential distribution of GIRK subunits in cerebellar neuron types.  

To discern the GIRK subunit expression pattern in different cerebellar cell types we used 

RT-PCR detection of GIRK subunits and markers of specific neuron populations, 

including GAD65/67 (a marker for basket and stellate cells), calbindin (a marker for 

PCs), GFAP (a marker for glial cells), and vGluT1 (a marker for granule cells). All 

neuronal GIRK subunits were detected in A. Granule cells (GIRK subunit were detected 

in: GIRK1 6/10, GIRK2 7/10 and GIRK3 4/10, cells analyzed), and B. Purkinje cells 

(GIRK subunit were detected in: GIRK1 6/8, GIRK2 3/8 and GIRK3 8/8, cells 

analyzed).C. In Basket cells, only GIRK1 (4/7 cells) and GIRK3 (6/7 cells) expression 

was detected. D. In stellate GIRK3 (8/9cells) was the only GIRK detected. 
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IV.B.  Immunohistochemistry 

 Using immunohistochemical techniques, we found that most Golgi cells only 

expressed GIRK2 subunit (Fig. 5B). This finding was confirmed using double-labeling 

experiments with the metabotropic glutamate receptor subtype mGlu2/3, a specific 

marker of Golgi cells (Fig. 5C-D). Finally, we found that unipolar brush cells are 

immunoreactive for GIRK2 and GIRK3, but not GIRK1 (Fig. 5E-G).  
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Figure 5. Distribution of GIRK subunits in Golgi and unipolar brush cells 

A. GIRK2 labeling in the granule cell layer (Gc), Purkinje cell layer (Pc) and molecular 

layer (ml). B. Dendrites of Golgi cells running through the molecular layer (ml) were 

strongly immunoreactive for GIRK2 (arrows). C-D. Double immunofluorescence showed 

that GIRK2-immunoreactive dendrites co-localized (arrows) with mGlu2/3, a marker of 

Golgi cells. E-G. Distribution of GIRK subunits in unipolar brush cells (arrows). GIRK1 

immunoreactivity was not detected in these cells (E), despite the relatively high level of 

expression of GIRK2 (arrows in F). Immunoreactivity for GIRK2 was not affected by the 

loss of GIRK1 (arrows in G), suggesting that GIRK1 and GIRK2 do not form 

heteromeric channels in unipolar brush cells. H-K.  Double immunofluorescence of 

granular layer showing that unipolar brush cells express both GIRK2 and GIRK3. Scale 

bars: (A) 40 µm; (B-D) 75 µm; (E-G) 20 µm; (H-K ) 11 µm. 
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Cell Type GIRK1  GIRK2  GIRK3  GIRK4  
Granule Cells +++ +++ +++ - 
Purkinje Cells + + +++ - 
Basket Cells + - + - 
Stellate Cells - - + - 
Golgi Cells - +++ - - 
Unipolar Brush Cells - +++ ++ - 

 
Table 1. Summary of the distribution of GIRK subunis in cerebellar cell types. 

The intensity of GIRK immunoreactivity was classified as follows: -, little to background 

level; +, light; ++, moderate; +++, strong. For evaluation of immunosignal intensity, 

judged by three independent investigators we used internal standards. As polyclonal 

antibodies were applied, different affinities and avidities of the respective antibodies 

could influence the staining intensity. Therefore this scoring system reflects only relative 

amounts of immunoreactivity in the different cerebellar cell types rather than a 

comparison among the three GIRK channel subunits.  
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I. GIRK channels in hippocampus 

Neuronal GIRK subunit ablation has been correlated with: increased seizure 

propensity, hyperalgesia, blunted analgesia, and hyperactivity (Signorini, Liao et al. 

1997; Blednov, Stoffel et al. 2001; Mitrovic, Margeta-Mitrovic et al. 2003; Marker, 

Stoffel et al. 2004; Marker, Lujan et al. 2005). The overlapping distributions of GIRK 

subunits in the CNS, suggest that channels formed by multiple subunit combinations 

contribute to neuronal GIRK channel content. Most data, however, emphasize the role of 

GIRK2 in the formation of neuronal GIRK channels. For example, GABAB-evoked 

currents were significantly reduced in hippocampal, cerebellar, and midbrain dopamine 

neurons from GIRK2 KO mice (Lüscher, Jan et al. 1997; Slesinger, Stoffel et al. 1997; 

Cruz, Ivanova et al. 2004). Because GIRK1 staining was dramatically reduced in GIRK2 

KO mice (Liao, Jan et al. 1996; Signorini, Liao et al. 1997; Torrecilla, Marker et al. 

2002), GIRK1/GIRK2 heteromultimers are widely considered the prototypical GIRK 

channel in the CNS.  

Despite its broad distribution in the CNS, the functional relevance of GIRK3 is 

uncertain. Multiple groups have reported that GIRK3 expression, either alone or with 

other GIRK subunits, failed to yield functional GIRK channels (Kofuji, Davidson et al. 

1995; Lesage, Guillemare et al. 1995; Ma, Zerangue et al. 2002). Indeed, GIRK3 was 

shown to direct GIRK1/GIRK2 heteromultimers and GIRK2 homomultimers to 

lyzosomal degradation pathways, effectively reducing the number of functional GIRK 

channels on the cell surface (Ma, Zerangue et al. 2002). 

However, other studies have shown that recombinant GIRK3 forms functional 

channels, with both GIRK1 and GIRK2 (Jelacic, Sims et al. 1999; Jelacic, Kennedy et al. 
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2000). Furthermore, the complete loss of opioid-induced current in locus coeruleus 

neurons, required the concurrent ablation of both GIRK2 and GIRK3 (Torrecilla, Marker 

et al. 2002). The relevance of GIRK3 to neuronal GIRK channels remains an interesting 

and important topic, particularly in light of the impact of GIRK3 ablation on drug reward 

behavior (Morgan, Carroll et al. 2003). 

The hippocampus is an ideal structure for studying GIRK signaling, since all neuronal 

GIRK subunits are present in CA1 and CA3 hippocampal pyramidal cells and granule 

cells of the dentate gyrus (Karschin, Dissmann et al. 1996; Liao, Jan et al. 1996; Ponce, 

Bueno et al. 1996; Drake, Bausch et al. 1997). Moreover, studies using GIRK2 KO mice 

have shown that Adenosine, Serotonin and GABA current responses in hippocampal 

pyramidal neurons are absent from GIRK2 KO neurons (Lüscher, Jan et al. 1997).  

 

II.  GIRK subunit expression in hippocampus 

Consistent with previous studies of GIRK channels in the hippocampus, we found 

that all neuronal GIRK subunits mRNA, are highly expressed in hippocampal pyramidal 

neurons (CA1 and CA3) as well as granule cells of the dentate gyrus (Fig. 1A-C). 

Western blot from crude hippocampal membrane proteins extracted from adult mouse 

brain, confirms the presence of GIRK1-3 expression in hippocampus (Fig. 1D). Insight 

into GIRK subunit interactions in the hippocampus was gained by examining residual 

GIRK subunit expression (Fig. 1D-E). Notably, the levels of heavily-glycosylated 

GIRK1, a marker of GIRK1 plasma membrane distribution and heteroassembly 

(Kennedy, Nemec et al. 1999), was reduced in both GIRK2 KO and GIRK3 KO animals 

and virtually absent in GIRK2/GIRK3 double KO. The impact of subunit ablation, on 
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residual GIRK subunit levels, suggests that GIRK1 interacts with both GIRK2 and 

GIRK3 in the hippocampus. Similarly, GIRK3 protein levels were significantly reduced 

in both GIRK1 and GIRK2 KO, suggesting that GIRK3 is able to interact with both 

GIRK1 and GIRK2 in the hippocampus. Interestingly, GIRK2 levels were only 

significantly reduced (~30%) in GIRK1 KO, and not in GIRK3 KO, even though GIRK3 

levels are reduced significantly in both GIRK1 KO and GIRK2 KO.  
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Figure 1. GIRK subunit expression in hippocampal neurons.  

GIRK mRNA distributions in the hippocampus were evaluated by in situ hybridization in 

sections from WT and GIRK KO mice. A. GIRK1, B. GIRK2 and C. GIRK3 were 

clearly evident in CA1 and CA3 pyramidal neurons, as well as granule cells of the 

dentate gyrus (DG). There was no specific staining for GIRK mRNAs in sections from 

the appropriate GIRK KO mouse (data not shown). Scale bars: A–C, 500µm. D. 

Representative immunoblots of hippocampal membrane protein samples from WT, 

GIRK1 KO (1), GIRK2 (2), GIRK3 (3), and GIRK2/GIRK3 (2/3) KO mice. Blots were 

probed with antibodies (Ab) for GIRK1, GIRK2, GIRK3, and GABAB(1a/b). GABAB 

immunoreactivity was observed as two prominent bands at ~140 and 100 kDA 

(Malitschek, Rüegg et al. 1998; Fritschy Jean-Marc 1999). As described previously 

(Kennedy, Nemec et al. 1996; Kennedy, Nemec et al. 1999; Marker CL 2002; Torrecilla, 

Marker et al. 2002), GIRK1 immunoreactivity was visualized as three bands, the lower 

molecular weight versions thought to represent core (c) and core-glycosylated (g) species. 

Reductions in the level of the heavily glycosylated (h) GIRK1 species were correlated 

with the absence of GIRK2 and GIRK3, respectively. The levels of GIRK2 and GIRK3 

were also lower in samples from KO mice. E. Densitometric analysis of the impact of 

GIRK subunit ablation on residual GIRK protein levels in the hippocampus. There was 

no effect of GIRK subunit ablation on GABAB(1a/b) receptor levels (F(4,10)=1.764; 

p=0.213) (data not shown). *p<0.05; **p<0.01 versus WT; +p<0.05; ++p<0.01 versus 

GIRK2/GIRK3 KO. 
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III. GIRK subunits heteroassembly in the hippocampus 

To gain further insight into GIRK channel subunit interactions in the hippocampus, 

we used GIRK1 and GIRK2 (GIRK2A & GIRK2C) antibodies, in an 

immunoprecipitation approach. Consistent with our previous finding, that GIRK1 

expression is decreased in both GIRK2 and GIRK3 KO mice, immunoprecipitation of 

GIRK1, resulted in co-precipitation of both GIRK2 and GIRK3. Similarly, an antibody 

that recognized both GIRK2A and GIRK2C, co-precipitated both GIRK1 and GIRK3 

(Fig. 2), indicating that all three neuronal GIRK subunits are able to form 

heteromultimers in the hippocampus. Antibody specificity was assessed by parallel 

immunoprecipitation of the adequate GIRK KO tissue.  
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Figure 2. GIRK subunit interactions in hippocampus. 

Representative immunoblots of hippocampal membrane protein samples, 

immunoprecipitated with GIRK1 and GIRK2 (recognizes both GIRK2A and GIRK2C) 

antibodies crosslinked to sepharose beads. The specificity of the immunoprecipitating 

antibody was tested by parallel precipitation using the corresponding GIRK KO 

hippocampal membrane protein extracts. Blots were probed with antibodies (Ab) for 

GIRK1, GIRK2 and GIRK3.   
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IV. GABA B-evoked GIRK response in hippocampal neurons 

 Previous studies have shown, that GABAB receptor stimulation evoked robust GIRK 

currents in CA1 neurons (Lüscher, Jan et al. 1997). To assess the contribution of 

individual GIRK subunits to these evoked currents, we measured somatodendritic GIRK 

currents triggered by baclofen in CA1 neurons found in horizontal brain slices. In wild-

type CA1 neurons, baclofen (50µM) evoked a prominent outward current (92 ± 12 pA, 

n=18; Fig. 3A), accompanied by a marked decrease in input resistance. This current was 

sensitive to 1mM extracellular Ba+2 (16 ± 2pA, n=7; Fig. 3C), showed little or no 

desensitization during a 10 min agonist exposure, and was rapidly reversed with the 

GABAB receptor antagonist CGP54636 (1 µM). GABAB-evoked currents were 

dramatically smaller in GIRK1 KO (24 ± 2 pA, n=9; Fig. 3C) and GIRK2 KO (24 ± 2 

pA, n=11; Fig. 3B-C) mice. In contrast with the proposed roles for GIRK3 containing 

channels in trafficking (Ma, Zerangue et al. 2002), and GIRK-Gβγ interaction sensitivity 

(Jelacic, Kennedy et al. 2000), the efficacy and potency of baclofen was completely 

preserved in neurons lacking GIRK3 (Fig. 3C-D). Indicating that the dominant GIRK 

channel linked to the GABAB receptor in CA1 neurons, is a GIRK1/GIRK2 

heteromultimer.  Interestingly, however, GABAB-evoked current (12 ± 1 pA, n=7; Fig. 

3B-C) in CA1 neurons from GIRK2/GIRK3 double KO mice, was significantly smaller 

than responses in either, GIRK1 KO or GIRK2 KO mice; and equivalent to the Ba+2 –

insensitive current in wild-type CA1 neurons. Altogether, our findings suggest that 

GIRK3-containing channels make a small contribution to the postsynaptic inhibitory 

effects of GABAB receptor in CA1 neurons. 
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Figure 3. Baclofen-induced current in CA1 neurons from WT and GIRK KO mice.  

Currents evoked by baclofen were measured in hippocampal slices from WT and GIRK 

KO mice. Holding potential was -62 mV. A. Typical current evoked by baclofen (50 µM) 

in a CA1 neuron from a WT mouse. The outward current was reversed with the GABAB 

receptor antagonist CGP54626 (1 µM). The holding current before baclofen application 

in this experiment was 90 pA. B. Typical baclofen-evoked currents in CA1 neurons from 

GIRK2 and GIRK2/GIRK3 (GIRK2/3) KO mice. The arrow identifies the zero current 

levels. C. Average peak current evoked by 50 µM baclofen in CA1 neurons from WT 

(n=18), GIRK1 (G1; n=9), GIRK2 (G2; n=11), GIRK3 (G3; n=7), and GIRK2/GIRK3 

(G2/3; n=7) KO mice. For some WT (n=7), GIRK2 KO (n=8), and GIRK2/GIRK3 KO 

(n=4) recordings, GABAB-evoked currents were measured in the presence of 1mM Ba+2 

(peak currents are shown in gray). *p<0.05 versus WT; †p<0.01 versus GIRK1 and 

GIRK2 KO; +p<0.05; ++p<0.01; +++p<0.001 versus control (within genotype). D. Average 

peak currents evoked by 0.5, 5, and 50 µM baclofen in CA1 neurons from WT (n=8) and 

GIRK3 KO (n=7) mice. 
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V. Cellular/subcellular distribution of GIRK channe ls in the     

hippocampus 

 
We next examined the subcellular distribution of GIRK channels using 

immunoelectron microscopy. In the stratum radiatum in the CA1 area of WT mice, 

immunoparticles for GIRK1 (1333/1568 particles, 85%) and GIRK2 (1138/1308 

particles, 87%) were observed primarily at postsynaptic sites in dendrites of pyramidal 

cells (Fig. 4A-B respectively). In pyramidal neurons, GIRK1 and GIRK2 were found on 

the extrasynaptic plasma membrane and at perisynaptic positions in dendritic spines in 

contact with axon terminals. Analysis of the distribution of GIRK1 (n=331 particles) and 

GIRK2 (n=324 particles) in relation to the closest edge of the postynaptic specialization 

in dendritic spines, revealed that the two subunits share virtually the same distribution on 

the plasma membrane of spines, as a function of distance from the glutamate release site 

(Fig. 4I). However, GIRK1 immunoparticles were never found at the synaptic 

specialization whereas GIRK2 was occasionally observed within the postsynaptic 

specialization (Fig. 4B). Interestingly, GIRK1-labeled dendritic spines (and 

immunoparticles per spine), were observed less frequently in both GIRK2 (Fig. 4E) and 

GIRK3 (Fig. 4F) KO mice in accordance with our western blotting data, showing a 

reduction of GIRK1 protein expression. In sections from these mice, GIRK1 labeling was 

still observed along the extrasynaptic plasma membrane of dendritic spines and shafts of 

pyramidal cells and interneurons. However, GIRK1 was more frequently associated with 

the ER and spine apparatus (57% and 42% of GIRK1 immunoparticles in GIRK2 KO and 

GIRK3 KO, respectively). In sections from GIRK2/GIRK3 double KO mice, GIRK1 
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labeling was largely restricted to the soma (98% of particles; Fig. 4G). No changes in 

subcellular localization were seen for GIRK2 immunoparticles in GIRK1 KO and GIRK3 

KO (not shown). The altered residual distribution of GIRK1 in sections from GIRK2 KO 

and GIRK3 KO mice, further supports the contention that GIRK1 interacts with both 

subunits in the hippocampus. Finally, it is noteworthy that a fraction of total GIRK 

labeling (15% GIRK1 and 13% GIRK2) was clearly associated with the extrasynaptic 

plasma membrane of presynaptic terminals and presynaptic membrane specialization of 

axon terminals establishing excitatory synapses on spines (Fig. 4C-D, respectively). At 

present, the functional role of presynaptic GIRK channels is unknown. 
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Figure 4. Ultrastructural analysis of GIRK subunits in hippocampal CA1 neurons.  

 In the stratum radiatum, A. GIRK1 and B. GIRK2 are mostly found in the postsynaptic 

compartment. A. Extrasynaptic labeling (arrows) for GIRK1 in a denditric shaft (s) 

forming a synapse with a bouton (b). B. Extrasynaptic distribution of GIRK2 in dendritic 

shafts (arrows) and labeling within the synaptic specialization (double arrowhead). C-D. 

Presynaptic GIRK subunit labeling in glutaminergic terminals forming synapses with 

dendritic spines (s).  Co-localization was performed with pre-embedding immunogold 

(GIRK subunits) and immunoperoxidase (VGluT1) detection. E-H. GIRK1 labelling in 

E. GIRK2 KO, F. GIRK3 KO, G. GIRK2/GIRK3 double KO and H. GIRK1 KO mice. 

Although GIRK1 was still observed in the plasma membrane (arrows), in GIRK2 and 

GIRK3 KO mice, there was a higher proportion of GIRK1 found in the ER cisterna 

(double arrowheads).  GIRK1 labeling was restricted to the ER in GIRK2/GIRK3 double 

KO mice, and absent in GIRK1 KO mice. I. Distribution of GIRK1 and GIRK2 in 

dendritic spines.  Data are displayed as % frequency of particles in 60 nm-wide bins, 

starting at the edge of the postsynaptic specialization.  Scale bars = 0.5 microns. 
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VI. GIRK distribution into lipid rafts  

Previous observations describing the association of GIRK1 to lipid rafts (Delling, 

Wischmeyer et al. 2002), prompted us to look at the possibility that other GIRK signaling 

components co-localize with GIRK1 in lipid rafts. Lipid rafts were isolated from mouse 

brain, by detergent solubilization followed by sucrose gradient centrifugation. Six 

fractions, representing distinct sample densities were concentrated and probed by 

immunoblotting for GIRK subunits, GABAB(1a/b), and the lipid raft marker protein Fyn 

(Fig. 5A). Consistent with previous observations, Fyn was found primarily (77 ± 1%) in 

fraction 4 (Delling, Wischmeyer et al. 2002). Signals for GIRK1 (61 ± 9%), GIRK2 (50 ± 

5%), and GABAB(1a/b) (68 ± 5%) were also most prominent in this fraction. Signal for 

GIRK3, however, was most prominent in fraction 6 (55 ± 4%), a higher-density fraction 

exhibiting relatively little GIRK2 or GABAB(1a/b) (Fig. 5B). GIRK1 and GIRK2 signal 

intensities in fraction 6 were of moderate intensity (~30%), perhaps a reflection of two 

broad populations of GIRK channels in the CNS (raft associated and -independent). 

Interestingly lipid raft association of GIRK subunits correlates with the 

electrophysiological data in hippocampus (Fig 3C), in which currents are reduced by 

GIRK1 and GIRK2 ablation but not GIRK3. These data provides an explanation for the 

modest contribution of GIRK3, despite its high levels of expression, to GABAB-evoked 

currents in CA1 neurons, and support the contention that an active process of 

compartmentalization affects the coupling of GIRK channels to receptors, in a subunit-

dependent manner. 
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Figure 5. Distribution of GIRK subunits into lipid rafts. 

A. Representative immunoblots, showing the distribution of GIRK subunits and 

GABAB(1a/b) in lipid rafts, isolated from brain membrane protein extracts from WT mice. 

The lipid raft marker and tyrosine kinase Fyn, was consistently observed in fraction 4 

after sucrose gradient centrifugation of Triton X-100-insoluble membranes (Delling, 

Wischmeyer et al. 2002). B. Densitometric analysis of GIRK subunits distribution in 

fractions from lipid raft preparations. Three isolations of lipid rafts were performed, and 

qualitatively similar observations were obtained each time. The histogram shows 

intensity observed in each lane represented as a percentage of total signal in lanes 4–6 

(percentage of total signal). 
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I. Primary culture of hippocampal neurons 

While most neuronal GIRK channels contain GIRK1 and/or GIRK2 (Karschin, 

Dissmann et al. 1996; Liao, Jan et al. 1996), recent studies suggest that many GIRK 

channel subtypes exist in the CNS (Koyrakh, Lujan et al. 2005; Aguado Carolina 2008; 

Perry, Pravetoni et al. 2008). Though somewhat limited in nature, available evidence 

support the contention that individual GIRK subunits make unique contributions to the 

function and distribution of neuronal GIRK channels.  For example, channels containing 

the GIRK1 subunit are more sensitive to G protein activation than channels formed by 

GIRK2 and GIRK3 (Jelacic, Kennedy et al. 2000; Cruz, Ivanova et al. 2004), a point 

made in elegant fashion by the ectopic expression of GIRK1 in midbrain dopamine 

neurons (Labouebe, Lomazzi et al. 2007). Furthermore, there is general agreement that 

GIRK2 is an integral subunit in most, if not all, neuronal GIRK channels (Lüscher, Jan et 

al. 1997; Torrecilla, Marker et al. 2002; Cruz, Ivanova et al. 2004; Koyrakh, Lujan et al. 

2005; Marker, Lujan et al. 2005; Marker, Lujan et al. 2006; Cruz, Berton et al. 2008).  

Finally, GIRK3 may regulate the GIRK channel trafficking and channel kinetics via 

interactions with sorting nexin 27 and members of the RGS protein family, respectively 

(Ma, Zerangue et al. 2002; Labouebe, Lomazzi et al. 2007; Lunn, Nassirpour et al. 2007).  

Most studies examining the impact of subunit composition on GIRK channel function 

have involved recombinant expression (Lesage, Duprat et al. 1994; Lesage, Guillemare et 

al. 1995; Jelacic, Sims et al. 1999; Jelacic, Kennedy et al. 2000; Cruz, Ivanova et al. 

2004).  Traditional expression systems, however, may lack infrastructure that normally 

supports GIRK channel function.  Furthermore, over-expression of channel subunits or 

related proteins may promote aberrant interactions.  While acutely-isolated brain slices 
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taken from wild-type and GIRK KO mice offer some advantages in this regard, slices are 

not amenable to pharmacologic or genetic interventions, and offer poor resolution in 

terms of channel kinetics.  Thus, a better model system is needed to address unresolved 

issues of neuronal GIRK channel subunit composition, trafficking, and 

compartmentalization. Toward this end, we characterize here GIRK signaling in cultured 

hippocampal neurons from wild-type and GIRK KO mice.  Such cultures will afford a 

unique opportunity for structure/function and pharmacologic studies of this important 

channel family. 

 

II.  GABAB-evoked currents in Wild-type neurons 

Previous efforts in acutely-isolated slices from mice and in primary cultures from rats 

have demonstrated that GIRK channels mediate at least in part the postsynaptic inhibitory 

effect of GABAB receptor activation in hippocampal neurons (Lüscher, Jan et al. 1997; 

Leaney 2003; Correa, Munton et al. 2004; Koyrakh, Lujan et al. 2005). Accordingly, our 

analysis of primary cultures of hippocampal neurons from mice began with the 

measurement of whole-cell current responses to the GABAB receptor agonist baclofen.  

Large neurons exhibiting pyramidal morphology were targeted for analysis after 10-12 

days in culture, a timeframe sufficient for the development of maximal GABAB-

dependent GIRK currents in rat hippocampal neurons (Correa, Munton et al. 2004).  To 

accentuate GIRK currents, whole-cell GABAB-evoked currents were measured at a 

holding potential of -70 mV using a high-K+ (25 mM) bath solution (Fig. 1).  In pilot 

experiments, current responses were not observed with 0.3 µM baclofen, and currents 

evoked by 100 and 300 µM baclofen were indistinguishable (not shown).  Thus, we 
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challenged neurons from wild-type mice with 1, 3, 10, and 100 µM baclofen to assess the 

impact of baclofen concentration on current amplitude and kinetics.     

In 26 of 26 neurons from wild-type mice tested, baclofen evoked an inward current 

that reversed promptly upon return to the baclofen-free high-K+ bath solution (Fig. 2A).  

Steady-state current amplitudes exhibited a clear dependence on baclofen concentration 

(Fig. 2A,B).  At 100 µM baclofen, the mean steady-state current amplitude was -994 ± 62 

pA.  EC50 values and Hill coefficients were calculated for each experiment; group means 

were 8.2 ± 0.6 µM and 1.6 ± 0.1, respectively.  Activation rate, but not deactivation rate, 

increased with baclofen concentration (Fig. 2C).  At 100 µM baclofen, time constants for 

current activation (τact) and deactivation (τdeact) were 471 ± 55 and 1358 ± 117 ms, 

respectively.  Acute desensitization of the GABAB-evoked current was modest (~5-10%) 

when evident, and was only observed at the higher baclofen concentrations tested (10 and 

100 µM).  Altogether, this current profile is comparable to that seen for the GABAB 

evoked current in cultured rat hippocampal neurons (Leaney 2003; Correa, Munton et al. 

2004). 

 

 

 

 

 

 
 
 
 
 



 69

Figure 1. GABAB-evoked current in hippocampal neurons from wild-type mice. 

Prior to whole cell access, cells were kept at a physiological concentration of K+ termed 

low K+. Shortly after establishing whole cell access we measured Resting Membrane 

Potential (RMP), Capacitance (Cm) and access resistance (Ra). Then bath solution was 

switched to a high concentration of K+ to favor inward currents at a Vhold = -70. Baclofen 

application resulted in inward currents that showed little desensitization during a 20 sec 

application and was rapidly reversed by removing baclofen. The main parameters 

measured in our recordings were current amplitude, activation and deactivation kinetics. 

Only cells exhibiting apparent capacitance values greater than 75 pF were included in the 

analysis; in total, 2 of 176 experiments were excluded on the basis of this criterion.  In 

addition, only those experiments in which the access resistances were stable and low (<15 

MΩ) were included in the final analysis. 

 

 

 

 

 

 

 

 

 

 



 70

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 71

Figure 2. Baclofen sensitivity in hippocampal neurons from wild-type mice.   

A. A typical whole-cell current response of a wild-type hippocampal neuron to 1, 3, 10, 

and 100 µM baclofen, measured with a high-K+ (25 mM) bath solution and a holding 

potential (Vhold) of -70 mV. The bar denotes the duration of baclofen application, and the 

number above the bar indicates the concentration (in µM). B. Concentration-response 

relationship for the GABAB-evoked inward current measured in wild-type hippocampal 

neurons. The data were compiled from a group of 26 neurons exhibiting mean resting 

membrane potential and capacitance values of -73 ± 1 mV and 157 ± 6 pF, respectively. 

In every experiment, four different concentrations (1, 3, 10, 100 µM) of baclofen were 

applied sequentially for 20 s, with intervening 30 s intervals during which the neuron was 

bathed in baclofen-free high-K+ bath solution. Responses to the lower baclofen 

concentrations were normalized to that measured at 100 µM baclofen. C. Activation and 

deactivation kinetics for the GABAB-evoked current at 3, 10, and 100 µM; the current 

evoked by 1 µM baclofen was too small for accurate assessments of activation and 

deactivation kinetics.  Statistical symbols: * p<0.05, ** p<0.001 vs. 3 µM baclofen. 
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III.  Inward Rectification and Barium sensitivity of GABAB-evoked 

currents 

 
The GABAB-evoked current exhibited strong inward rectification and reversed near 

the predicted equilibrium potential for K+ (-43 mV) (Fig. 2A).  Inward currents evoked 

by 100 µM baclofen were reduced by 91 ± 2% in the presence of 0.3 mM Ba+2, a 

concentration shown previously to be relatively selective for inwardly-rectifying K+ 

channels (DiFrancesco D 1984; Lesage, Guillemare et al. 1995) (Fig. 2B).  Interestingly, 

a small GABAB-evoked outward current (41 ± 14 pA, n=5) was observed in the presence 

of 1 mM Ba+2.  Thus, under these recording conditions, the baclofen-induced current 

response in wild-type neurons consists of a dominant Ba+2-sensitive inward component 

and a small Ba+2-insensitive outward component. 

Activation by baclofen, current reversal near the equilibrium potential for K+, inward 

rectification, and sensitivity to 0.3 mM Ba+2 are consistent with a contribution of GIRK 

channels to the observed inward current. 
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Figure 3. Inward rectification and barium sensitivity of the GABAB-evoked current.  

A. The current-voltage relationship of the GABAB-evoked current measured in wild-type 

hippocampal neurons. The current reversal potential estimated by linear interpolation was 

–36 mV, near the predicted equilibrium potential for K+ under these recording conditions 

(-43 mV). B. The impact of Ba+2 on baclofen-induced steady-state current amplitude in 

wild-type hippocampal neurons (Vhold=-70 mV). BaCl2 at the indicated concentrations 

(0.3 or 1 mM) was perfused onto the neuron prior to and during the baclofen application. 

Group sizes ranged from 5-7 neurons per BaCl2 concentration. Statistical symbols: *** 

p<0.001 vs. control. 
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IV.  GABAB-evoked currents in GIRK knockout neurons 

GABAB-evoked currents seen in wild-type and GIRK KO mice were distinct, 

consistent with unique roles for each subunit in the function of GIRK channels in 

hippocampal neurons. For example, the inward current evoked by a single application of 

100 µM baclofen in neurons from GIRK1 KO mice (-42 ± 10 pA, n=10; p<0.001) was 

markedly smaller than that observed in neurons from wild-type mice (-907 ± 70 pA, 

n=38). In contrast, baclofen induced a small outward current in neurons from GIRK2 KO 

mice (50 ± 12 pA, n=13; p<0.001), comparable in magnitude to the outward current 

measured in wild-type neurons in the presence of 1 mM Ba+2 (Fig. 2C). The activation 

and deactivation kinetics of the residual currents seen in neurons from GIRK1 KO (1161 

± 199 and 1388 ± 336 ms, respectively, n=5) and GIRK2 KO (1837 ± 241 and 2040 ± 

644 ms, respectively, n=7) mice were slower than those measured in neurons from wild-

type mice. These findings corroborate observations made in slice experiments that 

implicated GIRK1 and GIRK2 subunits in GIRK channel formation in mouse 

hippocampal pyramidal neurons (Lüscher, Jan et al. 1997; Koyrakh, Lujan et al. 2005). 

 In neurons from GIRK3 KO mice, the GABAB-evoked current activation rate was 

faster (299 ± 24, n=24; p<0.05), and the steady-state current amplitude was larger (-1186 

± 80 pA, n=24; p<0.05), than that observed in neurons from wild-type mice (Fig. 3, 

Table 1).  The small but significant difference in GABAB-evoked steady-state current 

amplitude may have been influenced by genotype-dependent differences in neuron size, 

as current densities calculated for wild-type (-6.4 ± 0.4 pA/pF) and GIRK3 KO (-7.4 ± 

0.4 pA/pF) cultures were not significantly different (p=0.09) (Table 1). 
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Figure 4. The impact of GIRK gene ablation on GABAB-evoked current. 

A. Representative examples of the currents induced by 100 µM baclofen in neurons from 

wild-type, GIRK1, GIRK2, and GIRK3 KO mice (Vhold= -70 mV). Note the small 

outward current induced by baclofen in the neuron from the GIRK2 KO mouse. B. 

Summary of baclofen-induced currents measured in neurons from wild-type and GIRK 

KO mice (Vhold= -70 mV). Group sizes ranged from 11-38 per genotype. Statistical 

symbols: *, *** p < 0.05 and 0.001, respectively, vs. wild-type. 
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V. Baclofen efficacy and potency in GIRK3 knockout neurons 
 

Channels formed by GIRK2 and GIRK3 subunits exhibit decreased sensitivity to G 

protein activation relative to heteromultimers containing GIRK1 (Jelacic, Kennedy et al. 

2000; Cruz, Ivanova et al. 2004).  To explore the contribution of GIRK3 to the coupling 

efficiency between channel and GABAB receptor in mouse hippocampal neurons, we 

next measured currents evoked by six baclofen concentrations applied to each neuron (1, 

3, 6, 10, 30, 100 µM) in cultures from wild-type and GIRK3 KO mice.  Steady-state 

GABAB-evoked currents and current densities (not shown) were larger in GIRK3 KO 

neurons as compared to wild-type neurons at every baclofen concentration tested, with 

differences reaching statistical significance at 6, 10, 30 and 100 µM (Fig. 4A).  

Nevertheless, the EC50 for GABAB-evoked current activation in neurons from GIRK3 

KO mice was 7.1 ± 1.3 µM (n=7), not significantly different (p=0.54) than that measured 

in wild-type neurons 7.9 ± 0.8 µM (n=7) (Fig. 4B).  Thus, the presence of GIRK3 does 

not influence the receptor-channel coupling efficiency in cultured hippocampal neurons, 

but does correlate with a smaller GABAB-dependent GIRK current response. 
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Figure 5. Baclofen sensitivity of the GIRK current in neurons from wild-type and 

GIRK3 KO mice. 

A. Concentration-response relationship for the GABAB-evoked steady-state current in 

neurons from wild-type and GIRK3 KO mice (Vhold= -70 mV). In this study, neurons 

were challenged sequentially with 1, 3, 6, 10, 30, and 100 µM baclofen (n=5-7 neurons 

per genotype). Similar results were obtained when current responses were normalized to 

apparent cell capacitance (data not shown). B. Concentration-response relationship for 

the baclofen-induced steady-state current normalized to the response measured at 100 µM 

baclofen. GIRK3 ablation did not alter the EC50 for baclofen-induced current activation.  

Statistical symbols: * p<0.05 vs. wild-type (same concentration). 
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VI.  Effect of lipid-raft disruption on GABA B-evoked current 
 

To probe the contribution of membrane rafts to GABAB-GIRK signaling, we 

measured GABAB-evoked currents in hippocampal neurons treated acutely with methyl-

β-cyclodextrin (MβCD), a cholesterol-depleting and raft-disrupting agent used routinely 

in studies involving cultured hippocampal neurons (Frank, Giammarioli et al. 2004; Ko, 

Zou et al. 2005; González Marco I. 2007; Wasser, Ertunc et al. 2007).  Steady-state 

GABAB-evoked currents measured after a 15-min incubation with 5 mM (-727 ± 84 pA, 

n=17; p<0.05) or 10 mM (-460 ± 66 pA, n=14; p<0.001) MβCD were significantly 

smaller than currents measured in mock-treated neurons (-1071 ± 106 pA, n=14) (Fig. 

5A-B; Table 2).  Moreover, current activation kinetics were also impacted by MβCD 

treatment.  In neurons treated with 10 mM MβCD, current activation (722 ± 111 ms, n=6; 

p<0.05) rates were significantly slower as compared to mock-treated control neurons 

(373 ± 52 ms, n=9) (Fig. 5C; Table 2).  In contrast, current deactivation rates were 

unaffected by MβCD treatment.  Thus, these observations are consistent with a role for 

membrane rafts in the facilitation of GABAB-GIRK signaling in mouse hippocampal 

neurons. 
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Figure 6. The impact of acute cholesterol depletion on the GABAB-evoked currents. 

A. Representative traces of GABAB-evoked currents measured in hippocampal neurons 

from wild-type mice treated for 15 min with 0, 5, or 10 mM MβCD (Vhold= -70 mV). B. 

Summary of GABAB-evoked steady-state currents measured in neurons treated with 

MβCD. Group sizes ranged from 14-17 per MβCD treatment condition. C. Summary of 

GABAB-evoked current kinetics measured in neurons treated with MβCD. Statistical 

symbols: * p<0.05; ***p<0.001 vs. control (0 mM MβCD). 
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Genotype N CM 

(pF) 

RA  

(MΩ) 

RMP  

(mV) 

I baclofen Kinetics (ms) 

pA pA/pF ττττact ττττdeact 

Wild-type 29 148±5 10.0±0.5 -72±1 -907±70 -6.4±0.4 419±39 1118±62 

GIRK1KO 10 139±9 11.6±0.6 -70±2 -42±10 b -0.3±0.1 b 1161±199 1388±336 

GIRK2KO 13 129±15 11.1±0.8 n.d. 50±12 b 0.5±0.1 b 1837±241 2040±644 

GIRK3KO 24 160±5 10.1±0.4 -70±2 -1186±80 a -7.4±0.4 299±24 a 1111±111 

 

Table 1. Summary of electrophysiological data from wild-type and GIRK KO 

cultured neurons. 

Hippocampal neurons from wild-type and GIRK KO mice were evaluated after 10-12 

days in culture. Genotype-dependent differences were not observed with respect to 

apparent capacitance (CM) or access resistance (RA). Resting membrane potentials (RMP) 

were also comparable across genotypes, though a determination was not made in neurons 

from GIRK2 KO mice given their propensity for spontaneous activity. Genotype-

dependent differences were observed with respect to baclofen-induced current (Ibaclofen) 

amplitude (pA, Vhold = -70 mV), current density (pA/pF), and current activation rate (τact). 

No differences were observed for current deactivation rate (τdeact). Statistical symbols: a,b 

p<0.05 and 0.001, respectively, vs. wild-type.  
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Treatment  N CM 

(pF) 

RA  

(MΩ) 

RMP  

(mV) 

I baclofen Kinetics (ms) 

pA pA/pf ττττact ττττdeact 

MβCD (0) 14 157±10 10.9±0.5 -73±2 -1071±106 -6.7±0.4 373±52 1458±262 

MβCD (5) 17 139±7 10.6±0.5 -73±2 -727±84 a -5.3±0.5 432±65 1615±135 

MβCD (10) 14 104±4 c 11.8±0.4 -75±2 -460±66 b -4.3±0.6 b 722±111b 1944±314 

 

Table 2. Summary of electrophysiological data from MβCD-treated neurons. 

Hippocampal neurons from wild-type mice were evaluated after 10-12 days in culture.  

MβCD treatment (0, 5, 10 mM for 15 min) did not influence access resistance (RA) or 

resting membrane potentials (RMP), but the apparent capacitance (CM) values for 

neurons treated with 10 mM MβCD were significantly lower than those measured in 

control neurons.  A dose-dependent impact of MβCD on GABAB-evoked current (Ibaclofen) 

amplitude (pA, Vhold = -70 mV), current density (pA/pF), and activation rate (τact) was 

observed.  No differences were observed for current deactivation rate (τdeact).  Statistical 

symbols: a,b,c p<0.05, 0.001, and 0.0001, respectively, vs. the 0 MβCD (control) treatment 

group. 
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I. Summary 

Neuronal GIRK channels have been implicated in  pain and analgesia (Blednov YA 

2003; Mitrovic, Margeta-Mitrovic et al. 2003; Marker, Stoffel et al. 2004), reward 

(Blednov, Stoffel et al. 2001; Morgan, Carroll et al. 2003; Cruz, Berton et al. 2008; 

Pravetoni M. 2008), anxiety (Blednov, Stoffel et al. 2001; Pravetoni M. 2008), and 

energy homeostasis (Perry, Pravetoni et al. 2008). 

Despite the evident importance of these channels to normal physiology, surprisingly, 

little is known about whether channels of different subunit composition exist and their 

possible role in channel function and localization. 

GIRK channels show overlapping but distinct distributions, and based upon the 

assumption that subunits expressed in a given cell type co-assemble to form channel 

complexes, channels of various subunit composition exist. Furthermore, 

immunoprecipitation studies indicate that all three neuronal GIRK subunits interact with 

each other in the hippocampus and cerebellum, suggesting that channels of different 

subunit composition are possible within these structures.  

We looked at the GIRK subunit expression patterns in the cerebellum using RT-PCR 

and immunocytochemistry, and markers of specific neuron types and found that GIRK 

subunits are distributed in a cell type-dependent manner. This is consistent with the idea 

that significant molecular and cellular diversity in GIRK channel populations exist. 

To study the contribution of channels of different subunit composition to GIRK 

function, we compared wild-type (containing all subunit combinations possible) and 

GIRK KO (containing combinations of the residual subunits) GABAB-evoked current in 

the hippocampus. We found that the GABAB-evoked current is mainly mediated by 
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GIRK1 and GIRK2 containing channels while GIRK3 appears to play a role in the 

trafficking of functional GIRK channels. 

Furthermore, we used immunoelectron microscopy and membrane fractionation to 

look at the localization of GIRK channels into membrane compartments. GIRK subunits 

have been shown to contain domains (Chapter 1, Fig. 3) that affect their plasma 

membrane localization, suggesting that subunit composition not only affects the function 

of GIRK channels, but also their compartmentalization. Consistent with a role of subunit 

composition on channel compartmentalization, we found by immunoelectron microscopy, 

that GIRK1 co-localizes with GIRK2 in extrasynaptic membranes. Interestingly, GIRK2 

but not GIRK1 localizes in the synaptic cleft. Similarly, using membrane fractionation, 

we found that the GABAB receptor, GIRK1 and GIRK2 preferentially distribute to lipid 

rafts, whereas GIRK3 distributes to other membrane regions. Consistent with a role of 

lipid raft in the compartmentalization of GIRK signaling, pharmacological disruption of 

lipid rafts by cholesterol depletion resulted in a decrease in the efficient coupling between 

the GABAB receptor and GIRK channels.  

 

II.  GIRK subunit distribution in Cerebellar neurons 

As subunit composition of GIRK channels may determine the subcellular distribution 

and/or functional properties of the channel, high-resolution information on cellular and 

subcellular distribution of individual GIRK subunits is essential. The cerebellum is an 

ideal structure to look at the molecular diversity of GIRK channels because all three 

neuronal GIRK channels are expressed and they show overlapping and distinct 

distributions.  
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Consistent with most studies highlighting the role of GIRK2 in GIRK channel 

formation, we found that GIRK2 was expressed in many cerebellar neurons including 

purkinje cells and granule cells, where all neuronal GIRK subunits are expressed 

(GIRK1/GIRK2/GIRK3); golgi cells only express GIRK2; and unipolar brush cells 

express GIRK2 and GIRK3. However, we also identified some cells that lack the GIRK2 

subunit. These cells include basket cells which express GIRK3 and GIRK1, and stellate 

cells only express GIRK3. 

This expression pattern suggests that a variety of heteromeric, as well as homomeric 

channels, can be generated in these neurons. These channels of different subunit 

composition can possibly be coupled to different receptors, have different functions or 

localized in different compartments within these neuron types.  

Another noteworthy observation is that GIRK3 appears to be the most abundant 

GIRK subunit in the cerebellum. GIRK3 function is controversial, some studies suggest 

that GIRK3 forms functional channels that display decreased Gβγ sensitivity when 

compared to GIRK1 containing channels (Jelacic, Sims et al. 1999; Jelacic, Kennedy et 

al. 2000). Others propose that GIRK3 acts to decrease the surface expression of 

functional GIRK channels (GIRK1/GIRK2) (Ma, Zerangue et al. 2002; Lunn, Nassirpour 

et al. 2007). In our studies we found that the level of heavily glycosylated (membrane-

associated) GIRK1 was significantly reduced in both GIRK2 and GIRK3 KO mice. 

Further reduction was seen in the cerebellum of GIRK2/GIRK3 double KO mice when 

compared with GIRK2 single KO mice, raising the possibility that a significant 

proportion of cerebellar GIRK channels exist as GIRK1/ GIRK3 heteromeric channels.  
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Our findings suggest that neuronal GIRK channels present in different cerebellar 

neuron cell types are diverse. Diversity might result in channels that exhibit distinct 

electrophysiological properties, Gβγ sensitivity, and association with specific 

neurotransmitter receptors. Because a variety of G protein-coupled inhibitory receptors, 

including metabotropic GABA receptors, metabotropic glutamate receptors, adenosine 

A1 receptors, and serotonergic receptors activate GIRK channels in the cerebellum 

(North 1989), further studies on functional properties are required to elucidate the  

physiological roles of GIRK channels in the control of cerebellar functions. 

 

III.  GABAB-evoked currents in hippocampal neurons 

We exploited the differential subunit expression patterns in the hippocampus of wild-

type and GIRK KO mice to assess the relevance of subunit composition to receptor 

coupling and subcellular distribution. We demonstrated that GIRK channels account for 

the vast majority of the postsynaptic current triggered by GABAB receptor activation in 

both CA1 pyramidal neurons from acutely-isolated brain slices and primary cultures of 

hippocampal neurons. Furthermore, immunoprecipitation from hippocampal membrane 

protein extracts suggest that all neuronal GIRK subunits are able to interact with each 

other in the hippocampus, possibly forming channels of different subunit composition. 

However, GABAB-evoked GIRK current in both hippocampal slices and neuronal 

cultures is mediated primarily by GIRK1 and GIRK2. GIRK3 ablation had little impact 

on GABAB-evoked GIRK currents. This is consistent with previous observations in 

rodent hippocampal pyramidal neurons (Karschin, Dissmann et al. 1996; Liao, Jan et al. 

1996; Lüscher, Jan et al. 1997; Leaney 2003; Koyrakh, Lujan et al. 2005).  
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Interestingly, the loss of GIRK1 in the hippocampus had little impact on residual 

GIRK protein levels and subcellular distributions. Nevertheless, the residual GIRK 

subunits were incapable of coupling effectively to GABAB receptors, suggesting that 

GIRK1 promotes the efficient coupling between GIRK channels and G-protein-coupled 

receptors. However, in the SNc and in midbrain dopamine neurons GIRK1 is not required 

for efficient coupling between GABAB receptors and GIRK channels (Inanobe, 

Yoshimoto et al. 1999; Cruz, Ivanova et al. 2004; Koyrakh, Lujan et al. 2005). Published 

RT-PCR and in situ hybridization data (Karschin, Dissmann et al. 1996; Leaney 2003; 

Cruz, Ivanova et al. 2004) suggest that this apparent discrepancy is not likely due to the 

differential expression of GIRK2 isoforms or GIRK3 across neuron types.  Thus, 

different neuron types would appear to provide different infrastructures to exploit the 

unique structural and functional features of distinct GIRK channel subtypes. 

GIRK3 was proposed to form functional channels with decreased Gβγ sensitivity 

(Jelacic, Kennedy et al. 2000) or to target functional neuronal GIRK channels 

(GIRK1/GIRK2 heteromultimers and GIRK2 homomultimers) to lyzosomal degradation 

pathways (Ma, Zerangue et al. 2002). If GIRK3 function in hippocampal neurons is to 

form a functional channel with decreased Gβγ sensitivity, we would expect an increase in 

sensitivity to GABAB activation in GIRK3 KO. In contrast, if the primary role for GIRK3 

was to target functional GIRK channels for lysozomal degradation, we would expect that 

the levels of membrane bound GIRK (GIRK1/GIRK2) channels will be increased, 

resulting in elevated currents in GIRK3 KO mice, with no change in sensitivity. In CA1 

neurons from GIRK3 KO mice, we failed to detect enhanced GABAB-evoked current 

amplitude or sensitivity. However, in primary cultures of hippocampal neurons, we found 
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that neurons from GIRK3 KO mice exhibited slightly larger GABAB-induced GIRK 

currents than neurons from wild-type mice, while channel sensitivity to receptor 

activation was indistinguishable across genotypes. These observations are consistent with 

the proposed role for GIRK3 in the trafficking of GIRK channels to lyzosomes for 

subsequent degradation (Ma, Zerangue et al. 2002; Lunn, Nassirpour et al. 2007).  

The discrepancy between the slices and cultured neurons underlies the inherent 

differences between the two systems. In slices we looked at outward currents whereas in 

culture we measured inward currents. For the most part GABAB-GIRK signaling in 

cultured hippocampal neurons from wild-type and GIRK KO resembles results seen in 

acutely isolated brain slices. Furthermore, primary cultures afford several practical 

advantages over acutely-isolated brain slices: ease of genetic and pharmacological 

manipulations, and rapid drug perfusions which allow a high temporal resolution. We 

proposed to use primary cultures of hippocampal neurons to study receptor coupling, 

trafficking and compartmentalization of GIRK channels.    

   

IV.  GIRK signaling compartmentalization 

For the past thirty years, signal transduction has been explained using the fluid-

mosaic membrane models in which molecules at the membrane move freely, and signal 

transduction depends on the random distribution and subsequent collision of the 

molecules involved (Singer and Nicolson 1972). However, imaging techniques used to 

study the diffusion of proteins and lipids in the plasma membrane concluded that their 

distribution and mobility is limited rather than free. It was then hypothesize that lipid-

lipid, protein-protein and lipid-protein interactions form compartments within the cell 
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membrane that are responsible for the restricted mobility and distribution of proteins in 

the membrane (Jacobson K 1995; Vereb, Szollosi et al. 2003).  

Several lines of evidence suggest that neuronal GIRK signaling is facilitated by 

compartmentalization, including the restricted distribution of GIRK channels to 

postsynaptic membranes (Koyrakh, Lujan et al. 2005; Marker, Lujan et al. 2005) , and the 

restricted coupling of GIRK channels to pertussis toxin-sensitive G proteins seen in vivo 

but not in expression systems (Lim, Dascal et al. 1995). Furthermore, different Gβγ 

subunit combinations have been shown to interact and activate GIRK channels(Wickman, 

Iniguez-Lluhi et al. 1994; Lei Qiubo 2003). Altogether, these data indicate that GIRK 

signaling specificity is not completely achieved by interactions between G protein 

subunits and GIRK channels (Stanfield Peter R. 2002). Moreover, distribution of GIRK 

channels might play a role in specificity since channels are found on postsynaptic 

membranes (Marker, Lujan et al. 2005) where the number of neurotransmitter systems 

they can interact with is limited. However, distribution to postsynaptic membranes is 

probably not a main determinant of specificity, since there are numerous examples of 

postsynaptic, non-Gi/o-coupled GPCRs that do not modulate GIRK channel activity in 

vivo (Ponce, Bueno et al. 1996; Drake, Bausch et al. 1997; Lüscher, Jan et al. 1997; 

Takigawa and Alzheimer 1999). Therefore, compartmentalization mechanisms might 

serve to restrict inappropriate or facilitate appropriate interactions between GIRK 

channels and GPCRs in vivo. 
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IV.A.  GIRK compartmentalization into lipid rafts (protein -lipid)  

Lipid rafts are areas of the cell membrane enriched in cholesterol, sphingolipids and 

phospholipids containing saturated fatty acid side chains, allowing a tighter pack of lipids 

responsible for the characteristic insolubility of rafts in non-ionic detergents (London and 

Brown 2000). Lipid rafts have received consideration as potential organizational 

structures in signal transduction, a concept fueled by observations made following the 

disruption of lipid rafts with cholesterol-scavenging molecules such as cyclodextrin or 

filipin (Munro 2003; Pike 2003; Shaw AR 2003; Barenholz 2004; Golub, Wacha et al. 

2004; Lucero and Robbins 2004; Meiri 2004; Becher A 2005).   

My interest in lipid rafts as a compartment organizing GIRK signaling started after 

reading a report describing how current amplitude of GIRK channels in hippocampal 

neurons was dependent on the co-localization of neuronal cell adhesion molecules 

(NCAM) and GIRK channels into lipid rafts (Delling, Wischmeyer et al. 2002). Delling 

showed by membrane fractionation that GIRK1 localizes into lipid rafts with NCAM 

140. A mutation that prevented the raft distribution of NCAM 140 resulted in an increase 

in surface localization of GIRK channels. However, most of the data in this study came 

from expression systems, were GIRK signaling is altered. Therefore I decided to look at 

the localization of GIRK subunits into lipid rafts by membrane fractionation.  

We found that the GABAB receptor, GIRK1 and GIRK2 were enriched in membrane 

raft fractions, whereas GIRK3 was mainly partitioned outside of lipid rafts. Interestingly, 

this distribution correlates with the functional data from acutely isolated brain slices and 

primary cultures of hippocampal neurons, indicating that the GABAB receptor is able to 

activate GIRK1 and GIRK2 containing channels, but not GIRK3 containing channels. 
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Our data suggested that lipid rafts might play a role in the compartmentalization of GIRK 

signaling by ensuring the coupling of GIRK channels of certain subunit compositions to 

appropriate GPCRs.   

Indeed, example of GPCRs whose coupling depends on lipid raft distribution of 

receptors and effectors, exist and includes the human oxytocin receptor whose 

localization in lipid rafts modulates the specificity of G protein coupling. It couples to Gq 

within lipid rafts resulting in cell growth stimulation, but couples to Gi outside of lipid 

rafts resulting in inhibition of cell growth (Rimoldi, Reversi et al. 2003; Chini and Parenti 

2004). Furthermore, the Gs coupled beta adrenergic receptors (β1,β2) are enriched in 

lipid rafts with ACVI and coupled effectively, while the raft independent Gs coupled 

receptor Prostanoid EP2 cannot activate ACVI in cardiac myocytes (Schwencke Carsten 

1999; Rybin, Xu et al. 2000; Ostrom, Gregorian et al. 2001; Xiang, Rybin et al. 2002). 

Similarly, other components of G protein signaling are affected by lipid rafts. For 

example, it was shown that raft disruption prevents internalization of Gαs upon receptor 

activation in cardiac myocytes (Allen, Yu et al. 2005).  

To test whether lipid rafts are necessary for the efficient coupling of the GABAB 

receptor to GIRK channels we measured GABAB-evoked currents after depletion of 

cholesterol which has been shown to result in disruption of lipid rafts. Acute depletion of 

cholesterol, resulted in a significant dose dependent decrease in current amplitude and a 

significant increase in activation kinetics. This suggests, that the efficient coupling 

between GABAB receptors and GIRK channels in the hippocampus, is dependent on the 

integrity of lipid rafts.   
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However, lipid rafts are unlikely to be the sole arbiter of GIRK signaling specificity 

as both Gs- and Gq-coupled signaling elements are also found in these structures(Patel, 

Murray et al. 2008).An alternative perspective is that membrane raft association may 

ensure that GIRK channels are in domains enriched for PIP2, a necessary co-factor for 

GIRK channel activation (Huang, Feng et al. 1998; Zhang, He et al. 1999). 

Despite the data demonstrating correlation between GPCR’s signal specificity and 

lipid raft association it is important to keep in mind that proteins distribute in lipid rafts in 

a cell dependent manner. For example, the β2AR localizes in lipid rafts in cardiac 

myocytes, but not in vascular smooth muscle cells (Ostrom, Liu et al. 2002; Chini and 

Parenti 2004). Moreover, within a cell, proteins can distribute in raft and non-raft 

portions. One example is the chemokine receptor CXCR1 whose G protein-dependent 

signaling is impaired by lipid raft disruption, but the G protein independent signaling is 

not (Jiao, Zhang et al. 2005). Although cell and function specific effects of lipid raft 

disruption on cell signaling add complexity to the study of G protein signaling specificity, 

it also presents an opportunity to target receptors in a cell or function specific manner 

(Ostrom and Insel 2004).  

Although my data suggest that lipid rafts play an important role in GIRK signaling it 

is important to acknowledge that it does not exclude the possibility that GIRK channels 

are compartmentalized by protein-protein interactions. Indeed, most studies looking at the 

compartmentalization of GIRK signaling have suggested that GIRK channels participate 

in direct physical interactions with other proteins, including GPCRs , G proteins or cell 

structural proteins (Ivanina, Neusch et al. 2000; Lavine, Ethier et al. 2002; Sadja, Alagem 

et al. 2003; Clancy, Fowler et al. 2005; Jaen and Doupnik 2006). 
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IV.B.  GIRK macromolecular complex formation (protein-protein)  

Although a complex consisting of GPCR, G protein, and GIRK channels could 

explain the fast and selective activation of GIRKs following ligand-binding to a GPCR, 

only one such report in native tissue has been published to date (Lavine, Ethier et al. 

2002). In this report the authors were able to precipitate a D2-GIRK2 and β2AR-AC 

V/VI-GIRK2 complexes from brain tissue. It is important to note that the β2AR couples 

to Gs-G proteins, which are not known to activate GIRKs in vivo. Most studies, however, 

have used immunoprecipitation and FRET of GIRK channels in expression systems.  One 

such study described interactions between GIRK channels and RGS4 when co-expressed 

with different GPCRs (M1, M2, 5HT1A, A1 & LPA1R), but failed to see interactions in 

the absence of the receptor, or in the presence of a different RGS protein, indicating that 

signaling is complex and possibly involves both protein-protein pre-coupling and 

collision of different components (Jaen and Doupnik 2006). Similarly, using FRET, 

Riven et al showed interactions between Gα and GIRK channels (Riven, Iwanir et al. 

2006), while Fowler et al failed to see such interactions and reported instead interactions 

between GIRK channels and the GABAB receptor (Fowler, Aryal et al. 2007). Since such 

studies depend on overexpression of the proteins of interest, and overexpression has been 

shown to result in aberrant GIRK signaling, it is not surprising that Fowler suggests that 

discrepancies in these studies only underlies the need to study specific receptors and 

effectors in their native environment. 

Furthermore, all GIRK channel subunits contain a conserved extracellular RGD 

sequence known to interact with integrins. The importance of this sequence has not been 

resolved, since there are contradictory reports regarding the effects of mutations on this 
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sequence to channel function. McPhee et al., demonstrated not only a physical interaction 

between β1-integrin and GIRK1/GIRK4 channels, but also a functional dependence, 

since a mutation on the RGD sequence abolished functional channel expression in 

Xenopus Oocytes due to a decrease quantity of GIRK protein in the plasma membrane 

(McPhee, Dang et al. 1998). On the contrary, Ivanina et al suggested that the β1 integrin 

is not necessary for channel function, and the RGD sequence is not necessary for 

channel-β1-integrin interactions. Instead the RGD sequence appears to be important for 

appropriate processing or trafficking of GIRK channels (Ivanina, Neusch et al. 2000). 

 A role in GIRK channel distribution has been suggested for PDZ domain-containing 

proteins, since interaction motifs are found on GIRK3 and GIRK2C {Inanobe, 1999 

#316}. While interactions were reported when GIRK2C was co-expressed with either 

PSD-95 or SAP-90, the authors failed to see co-localization on hippocampal or SN 

neurons (Inanobe, Yoshimoto et al. 1999). Furthermore, use of the C-termini of GIRK2C 

in a yeast two hybrid assay failed to see interactions with either PSD-95 or SAP-90 

(Nehring, Wischmeyer et al. 2000). Surprisingly, the PDZ domain-containing protein 

SAP-97 was shown to have an effect on GIRK2C homotetrameric channel function, but 

not on channel distribution (Hibino Hiroshi 2000). However, the physiological 

importance of this finding needs to be determined, since the prevalence of GIRK2C 

homotetramers in vivo is not known and co-expression of GIRK2C with another GIRK 

subunit or isoform results in functional channels without co-expression of SAP-97.  

Conflicting results in the studies looking at the function and compartmentalization of 

GIRK channels appear to be a problem related to the behavior of channels in expression 

systems, which highlights the need for a native system to study GIRK signaling. My 
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thesis describes the characterization of hippocampal primary cultures. Primary cultures 

appear to be representative of observations seen in slices and are more amenable to 

genetic and pharmacological manipulations; I propose primary cultures of hippocampal 

neurons from wild-type and GIRK KO mice as the new system to study the effects of 

subunit composition to GIRK channel function and the possible role of GIRK signaling 

compartmentalization in determining the coupling specificity of GIRK channels and 

GPCRs.  
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I. Reagents: 
 
 
I.A.  Experimental subjects 

All experiments were approved by the Institutional Animal Care and Use Committee 

of the University of Minnesota.  Efforts were made to minimize the pain and discomfort 

of the animals throughout the study.  Wild-type C57BL/6J and congenic GIRK KO mice 

used in this study were bred on-site.  The generation of GIRK KO mice was described 

previously (Signorini et al. 1997; Bettahi et al. 2002; Torrecilla et al. 2002).  All GIRK 

KO lines were backcrossed for at least 13 generations against the C57BL/6J strain prior 

to establishing the breeding pairs used for this study.  Mouse genotypes were determined 

using established PCR-based assays and genomic DNA isolated from small (<0.5 cm) tail 

biopsies.   

 

I.B. Drugs 

Baclofen (R-(+)-β-(aminomethyl)-4-chlorobenzenepropanoic acid hydrochloride) and 

(cyclohexylmethyl) phosphinic acid (CGP54626) were purchased respectively from 

Sigma (St. Louis, MO) and Tocris (Ellisville, MO). Baclofen and CGP54626 were 

dissolved as high concentration (100 mM baclofen, 1mM CGP54626) stock solution and 

divided into single-use aliquots stored at –20°C. Methyl-β-cyclodextrin (MβCD) was 

purchased from Sigma (St. Louis, MO).  MβCD was dissolved (5 mM or 10 mM) in 

serum-free culture medium and sterile-filtered immediately prior to use.  
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I.C. Antibodies   

Rabbit anti-GIRK1, anti-GIRK2, and anti- GIRK3 antibodies were obtained from 

Alomone Labs (Jerusalem, Israel). We also developed polyclonal antibodies to the mouse 

GIRK1–3 (Kir3.1–3.3) against the C-terminal sequences of GIRK1 (33 amino acid 

residues, accession number P35562), GIRK2 (32 aa, P48542), and GIRK3 (22 aa, 

Q63511) The 32 aa C-terminal domain used to generate the GIRK2 antibodies 

corresponds to residues 390–421 of GIRK2C and 370–401 of GIRK2D and partially 

overlaps with residues 390–414 of GIRK2A (Fig. 1a, underline), but is not represented in 

the GIRK2B isoform. Antigens were prepared as glutathione S-transferase (GST) fusion 

proteins, as reported previously (Nakamura Michiko 2004). GST fusion proteins were 

injected into female rabbits and guinea pigs at intervals of 2 weeks. A week after the 

sixth injection, immunoglobulins specific to GIRK1–3 were purified from the antisera 

using affinity media coupled with GST-free polypeptides.  

The rabbit anti-GABAB(1a/b) antibody was described previously (López-Bendito G. 

2002) The affinity-purified guinea pig anti-vesicular glutamate transporter 1 (VGluT1) 

antibody was purchased from Chemicon (Temecula, CA). 

 

II.  Hippocampal cultures   

Primary cultures of hippocampal neurons were prepared using a modified version of a 

published protocol (Shen, Piser et al. 1996). Briefly, hippocampi were extracted from 

neonatal (P1-4) pups and placed into an ice-cold HBSS/FBS solution: Hank’s Balanced 

Salt Solution (Sigma; St. Louis, MO), 4.2 mM NaHCO3, 1 mM HEPES, and 20% FBS 

(Hyclone; Logan, UT).  The tissue was transferred to microcentrifuge tubes, washed 3 
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times with HBSS/FBS, and then 3 times with HBSS alone.  Hippocampi were digested 

for 5 min with 10 mg/mL Trypsin Type XI (Sigma; St. Louis, MO) in a solution that 

contained (in mM): 137 NaCl, 5 KCl, 7 Na2HPO4, and 25 HEPES, pH 7.2.  The tissue 

was washed twice with HBSS/FBS, 3 times with HBSS alone, and then hippocampi were 

mechanically-dissociated in HBSS (supplemented with 12 mM MgSO4 and 20% FBS) 

using Pasteur pipettes of decreasing diameter.  

The neurons were pelleted by centrifugation (600 x g for 10 min at 4°C) and plated 

onto 8 mm glass coverslips (30,000 cells/coverslip) pre-treated with Matrigel (BD 

Biosciences; San Jose, CA).  Neurons were allowed to adhere for 30 min prior to adding 

0.7 mL of pre-warmed culture medium consisting of Minimum Essential Medium 

(Invitrogen; Carlsbad, CA), 28 mM glucose, 2.4 mM NaHCO3, 0.0013 mM transferrin, 

2 mM glutamine, 0.0042 mM insulin, and 10% FBS.  Neurons were incubated at 

37°C/5% CO2.  One day after plating, 0.35 mL media was replaced with a similar culture 

medium containing 5% FBS and 4 µM cytosine β-D-arabinofuranoside (Sigma; St. Louis, 

MO).  Three days later, 0.35 mL of media was replaced with culture medium containing 

5% FBS.  All media formulations contained 1% Antibiotic-Antimicotic (Invitrogen; 

Carlsbad, CA) to suppress bacterial growth.  Neurons were kept in culture for 10-12 days 

prior to experimental manipulation. 

 

III.  GIRK detection 
 
 
III.A.  In-situ hybridization   
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Brains from three adult (8–10 weeks of age) male wild-type (WT), GIRK1 KO, 

GIRK2 KO, and GIRK3 KO mice were frozen and sectioned. Sixteen-micrometer 

sections were fixed in PBS and 4% paraformaldehyde and stored in ethanol. 

Digoxigenin-labeled cRNA probes were prepared from GIRK cDNA fragments 

according to the manufacturer’s protocol (F. Hoffmann-La Roche, Basel, Switzerland). 

The GIRK fragments spanned ~500 bp of 5' coding sequence: rat Girk1 (5'-gacgatt . . . 

tttcctc-3') and mouse Girk2 (5'-gcgattc . . . tccattg-3', common to all Girk2 isoforms (Wei, 

Hodes et al. 1998), and mouse Girk3 (5'- caggaga . . . aacaagc-3'). Hybridization was 

performed as described (Bartsch U 1992), and labeling was detected by alkaline 

phosphatase coupled antibodies to digoxigenin. Selected sections were Nissl 

counterstained for identification of brain structures (Pacinos G. 2003). 

 

III.B.  Immunoblotting   

Three panels of adult WT and GIRK KO mice were killed by CO2 asphyxiation. 

Brains were removed and rinsed in ice-cold PBS. Hippocampi and cerebellum were 

extracted and homogenized in 2 ml of buffer containing (in mM) 25 Tris, pH 7.5, 150 

NaCl, 5 EDTA, pH 8.0, and 1 DTT and a protease inhibitor mixture containing 0.35 

µg/ml PMSF, 1.7 µg/ml aprotinin, 0.7 µg/ml pepstatin, and 10 µg/ml leupeptin. Samples 

were centrifuged at low speed (2200 x g), and the crude membrane fraction was pelleted 

by centrifugation at 200,000 x g for 30 min. Pellets were resuspended in 1 ml of a 2% 

SDS solution containing 1 mM DTT and the protease inhibitor mixture. Samples were 

centrifuged for 5 min at 500 x g to remove insoluble contents. Protein concentration was 

measured using the Lowry assay (Sigma Aldrich, St Louis MO, USA). Immunoblotting 
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was performed as described previously (Bettahi, Marker et al. 2002; Marker CL 2002; 

Torrecilla, Marker et al. 2002). Densitometry was performed using Image Quant software 

(Molecular Dynamics, Sunnyvale, CA). For analysis of GIRK subunit levels in the 

hippocampus and cerebellum, the appropriate region in the lane corresponding to the KO 

sample relevant to the target antibody was taken as background (density value = 0). For 

each of the three panels of WT and GIRK KO mice, two blots for each GIRK subunit 

were run, and signal intensities were averaged to obtain a single data point. All data 

points were normalized to the mean signal intensity calculated from the WT samples. 

 

III.C.  Immunoprecipitation 

For immunoprecipitation of cerebellum GIRKs, membranes from the cerebellum 

were obtained as described previously (Ciruela, Escriche et al. 2001; Burgueno, Blake et 

al. 2003) and solubilized in ice-cold radioimmuno precipitation assay (RIPA) buffer 

(Pierce, Rockford, IL, USA) (50 mmol/L Tris– HCl, pH 7.4, containing 1% (v/v) Triton 

X-100, 0.2% SDS, 0.5% deoxycholate, 100 mmol/L NaCl, and 1 mmol/L EDTA) for 30 

min on ice. The solubilized preparation was then centrifuged at 16,000 x g for 30 min. 

The supernatant (1 mg/mL) was processed for immunoprecipitation, each step of which 

was conducted with constant rotation at 0–4°C. The supernatant was incubated overnight 

with the indicated antibody. Then 40 µL of a suspension of anti-rabbit IgG beads 

(TrueBlot; eBioscience, San Diego, CA, USA) was added and the mixture was incubated 

for 2 h with constant rotation at 4°C. The beads were washed twice with ice-cold RIPA 

buffer, twice with ice cold RIPA buffer containing 0.1% Triton X-100, 0.02% SDS, 

0.05% deoxycholate and once with phosphate-buffered saline and aspirated to dryness 
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with a 28-gauge needle. Subsequently, 30 µL of SDS–polyacrylamide gel electrophoresis 

sample buffer (8 mol/L urea, 2% SDS, 100 mmol/L DTT, and 375 mmol/L Tris, pH 6.8) 

was added to each sample. Immunocomplexes were dissociated by heating to 37°C for 2 

h, resolved by SDS-polyacrylamide gel electrophoresis in 10% gels, and immunoblotted 

as described above. 

For immunoprecipitation of hippocampus GIRKs, membranes from hippocampus 

were obtained by homogenization in a buffer containing (in mM): 320 sucrose, 4 HEPES 

pH 7.4 and a protease inhibitor cocktail. Hippocampi were homogenized by 18-20 strokes 

of a glass homogenizer, followed by a slow speed centrifugation (1,000 x g for 10 min) 

and a high speed centrifugation (100,000 x g for 30 min). Pelleted membranes were then 

solubilized in for 30 min at 4°C in a buffer containing (in mM) 10 HEPES pH 7.4, 150 

NaCl, 1 EDTA; and 1% Triton X-100. The solubilized proteins were incubated for 1 hr in 

the appropriate antibody at 4°C. The beads were washed four times normal solubilization 

buffer and four times with solubilization buffer without the detergent.  

 

III.D.  Immunoelectron microscopy 

Animals were perfused with 4% p-formaldehyde, 0.05% glutaraldehyde, and 15% 

(v/v) saturated picric acid made up in 0.1 mol/L PB (pH 7.4). After perfusion, brains 

were dissected and post-fixed in the same fixative at 4°C for 2 h. Coronal (60 µm) 

sections were then cut on a Vibratome (Leica V1000) and collected in 0.1 mol/L PB. 

Ultrastructural analyses were performed in a Jeol-1010 electron microscope (Jeol, Tokyo, 

Japan). When a single primary antibody was used, it was visualized by the silver-

intensified immunogold reaction. In co-labeling experiments, VGluT1 immunoreactivity 
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was visualized by the immunoperoxidase reaction, and GIRK subunit immunoreactivity 

was revealed with the silver intensified immunogold reaction. Data presented are 

representative of results obtained with three different and complete panels of wild-type 

and GIRK KO mouse brain tissue. To establish the relative abundance of GIRK1 and 

GIRK2 immunoreactivity in dendritic spines, quantification of immunolabeling was 

performed in the stratum radiatum from 60 µm coronal slices as described (Lujan R 

1996). For each of two animals, three samples of tissue were obtained (six total blocks). 

Electron microscopic serial ultrathin sections were cut close to the surface of each block 

because immunoreactivity decreased with depth. Randomly selected areas were captured 

at a final magnification of 45,000 x, and measurements covered a total section area 

of~2000 µm2. All spines establishing synapses with putative glutamatergic axon 

terminals were counted and assessed for the presence of immunoparticles. Only the heads 

of spines were analyzed because spine necks were rarely connected to spine heads in 

single sections. Because differences in the distribution of gold particles among samples 

were not statistically significant (p >0.46, Kolmogorov–Smirnov nonparametric test), the 

data were pooled. The length of the synaptic membrane specialization and the 

extrasynaptic membrane from all immunopositive spines was measured using a digitizing 

tablet and appropriate software (Sigma- Scan Pro; Jandel Scientific, Ekzath, Germany). 

The extrasynaptic spine membrane was divided into 60 nmbins. The distance between the 

closest edge of the postsynaptic density and the center of the immunoparticles was 

measured along the spine membrane. To obtain a normalized value of the relative 

abundance of GIRK1 and GIRK2 along the spine, the number of gold particles was 
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expressed as relative frequency in bins corresponding to 60 nm membrane segments of 

plasma membrane.  

 

III.E.  UV-laser microdissection and quantitative RT-PCR  

Male C57BL/6 mice (3- to 5-week old) were used for contact-free UV-laser-

microdissection (LMD6000; Leica Microsys tems, Wetzlar, Germany) and collection of 

individual cells (20–25 cells each pool) of distinct cerebellar cell types [Purkinje cells 

(PCs), basket cells, stellate cells, and granule cells] from coronal brain-cryosections, and 

subsequent GIRK1–4 mRNA expression-profiling. LMD, cDNA synthesis, and cDNA 

purification as well as qualitative and quantitative RT-PCR (Applied Biosystems 7900HT 

thermocycler, Foster City, CA, USA) were carried out essentially as described (Liss 

2002; Liss B 2005). 

RT-PCRs were performed in a final volume of 20 µL utilizing 2x QuantiTect SYBR-

Green Mix (Qiagen, Hilden, Germany). Multiplex-nested PCR-primer-sequences for 

mouse calbindin-d28k, glial fibrilary acidic protein (GFAP), and glutamic acid 

decarboxylase (GAD) 65/67 as described (Liss, Neu et al. 1999), for vesicular glutamate 

transporter (vGluT1; accession number NM-08085) primer-sequences were 1037-TTGC 

GCAGTCGTCACATAAT(F1), 1932-GAGGTTGAACTGTCCCTCCA(R1), 1649-GCA 

GTTTCCAGGACTTCCAC(F2), and 1855-ACTTTCAGGGGAGTCTGGGTA(R2).  

Primers for SYBR-green quantitative RT-PCR were selected using the Oligo 6.0 

primer analysis software (Medprobe, Oslo, Norway). Primer sequences for GIRK1 

(accession number NM-008426.1) 657-GAGGGACGGAAAACTCACTCT(F), TCAGG 

TGTCTGCCGAGATT-765(R) for GIRK2 (accession number NM-010606.2)(GIRK2A),  
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NM-001025585.2(GIRK2B), NM-001028854.2(GIRK2C), 432-CGTGGAGTGAATTA 

TTGAATCT(F), GTCATTTCTTCTTTGTGCTTTT-534(R); for GIRK3 (accession 

number NM-008429.2) 34-CAGAGGGAACCTAGGGTACTG(F), TTCCTAGGCTTTC 

AGGGTC-151(R) and for GIRK4 (accession number NM-010605.3) 95-AAGTTAG 

CCCCAAGGGTTCG (F), CTGCCATGCTCCCAAGTACAC-196 (R). 

 

IV.  Lipid rafts  

IV.A.  Lipid raft isolation 

For each preparation, two brains taken from adult WT mice were processed through 

two rounds of homogenization in TNE buffer consisting of (in mM) 25 Tris- HCl, 150 

NaCl, and 5 EDTA, pH 7.5, and a protease inhibitor mixture containing (in µg/ ml) 40 

aprotinin, 40 leupeptin, 20 pepstatin A, and 40 PMSF. Samples were centrifuged at 1000 

x g for 10 min at 4°C; membranes were pelleted by centrifugation at 100,000 x g for 1 h 

at 4°C; and the resultant pellet was suspended in 0.5 ml of TNE buffer, pH 11, containing 

1% Triton X-100. Samples were adjusted to 40% sucrose, transferred to an 

ultracentrifuge tube, gently covered with 1.5 ml of 36% sucrose and 2 ml of 10% sucrose 

solutions prepared in TNE buffer, pH 11, and centrifuged at 100,000 x g for 16 h at 4°C. 

Subsequently, 6 -700 µl fractions were removed, diluted with 3 ml of TNE buffer, pH 11, 

and centrifuged at 100,000 x g for 1.5 h at 4°C. Pellets were suspended in 50 µL of 2% 

SDS loading buffer before immunoblotting. Fractions 1–3 did not contain appreciable 

protein and were not reactive for any of the antibodies tested. Three separate lipid raft 

isolations were performed. For each preparation, total target signal intensity in fractions 
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4–6 was calculated by densitometry, and the percentage of total signal intensity in each 

fraction was calculated. 

 

IV.B.  Lipid raft disruption (Cholesterol depletion)   

Coverslips containing cultured hippocampal neurons from wild-type mice were 

transferred to a serum-free MEM containing 0 (control), 5 mM MβCD, or 10 mM MβCD, 

and incubated for 15 min at 37°C/5% CO2 (Ottico, Prinetti et al. 2003; Brownlow, Harper 

et al. 2004). Higher concentrations (15 and 20 mM) of MβCD were tried, but this led to 

instability in whole-cell recording experiments.  After MβCD (or control) treatment, 

coverslips were washed with PBS and transferred to the low-K+ bath solution.  Baclofen-

induced current responses were evaluated within 45 min of MβCD (or control) treatment. 

Only cells exhibiting apparent capacitance values greater than 75 pF were included in 

the analysis; in total, 2 of 176 experiments were excluded on the basis of this criterion.  

In addition, only those experiments in which the access resistances were stable and low 

(<15 MΩ) were included in the final analysis. Current activation rates were extracted 

from an exponential fit of the current trace corresponding to the onset of drug effect and 

the peak evoked current, while deactivation rates were extracted from an exponential fit 

of the trace corresponding to the return of current to baseline following removal of drug 

(pCLAMP v. 9.0 software). EC50 values were determined for each individual experiment 

using Prism 5 software (GraphPad, La Jolla Ca). The impact of baclofen concentration, 

genotype, and MβCD treatment on measured current responses (steady-state current 

amplitude, steady-state current density, and kinetics) was evaluated by one-way 

ANOVA, followed by Tukey’s post hoc test when appropriate.  The impact of genotype 
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and MβCD treatment on resting membrane potentials was also evaluated by one-way 

ANOVA.  EC50 values determined in neurons from wild-type and GIRK3 KO cultures 

were compared by Student’s t-test.  In all cases, the level of significance was set at 

p<0.05. 

 

V. Electrophysiology 
 
 

V.A. Slice electrophysiology 

Horizontal slices (300 µM) from WT and GIRK KO mice (16–28 d) containing the 

substantia nigra pars compacta (SNc) and/or hippocampus were prepared in slicing 

solution containing the following (in mM): 110 choline-Cl, 2.5 KCl, 1.25 NaH2PO4-H2O, 

25 NaHCO3, 0.5 CaCl2-2H2O, 1.1 MgCl2, and 11 glucose. The slicing solution was 

bubbled with 95% O2 and 5% CO2 and maintained at 4–8°C. Slices were stored at room 

temperature for~1 h in artificial CSF (ACSF; in mM: 119 NaCl, 2.5 KCl, 1 NaH2PO4, 

26.5 NaHCO3, 1.3 MgSO4, 2.5 CaCl2, and 11 glucose) bubbled with 95%O2 and5%CO2. 

Neurons were visualized using an Olympus Optical (Tokyo, Japan) BX51WI microscope 

equipped with infrared optics. Holding currents, access resistance, and membrane 

resistance were measured with a Multiclamp 700A amplifier, Digidata 1320, and 

pCLAMP version 9 software (Axon Instruments, Union City, CA). Currents were low-

pass filtered at 2 kHz, sampled at 4 kHz, and recorded directly onto computer hard disk. 

Borosilicate patch pipettes (3–5 MΩ) were filled with a solution containing the following 

(in mM): 140 K-gluconate, 2 MgCl2, 1.1 EGTA, 5 HEPES/KOH, 2 NaATP, 0.3 Na3GTP, 

and 5 phosphocreatine, pH 7.4. Bath (ACSF) and drug solutions were applied using a 
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Dynamax peristaltic pump (Rainin, Woburn, MA). Experiments were performed at room 

temperature, and all voltage values were corrected for junction potential (-16 mV). Series 

resistance and capacitance compensations were not performed because these 

manipulations did not significantly affect peak currents or kinetics but did increase noise 

and decrease recording stability, complicating the measurement of small currents in 

GIRK knock-out slices. After establishment of the whole-cell access, resting membrane 

potentials were measured. Subsequently, recording stability was assessed in voltage 

clamp mode (Vhold = -62 mV) over a 5–10 min interval. Holding current, input 

resistance (Rin), and access resistance (Ra) values were extracted from current responses 

to periodic (0.2 Hz) voltage steps (-5 mV, 800 ms) and were monitored throughout the 

experiment. Only those experiments with stable (<20% variation) and low Ra values 

(<25MΩ) over the entire experiment were included in the final data set. For single-dose 

experiments, cells were given 50 µM baclofen for 5–10 min before application of 1 µM 

CGP54626. For multidose studies, cells were challenged with 0.5 and/or 5 µM baclofen 

and then 50 µM baclofen. For Ba+2 experiments, cells were perfused with ACSF 

supplemented with 1 mM Ba+2 for 5 min before baclofen application.  

 

V.B. Primary hippocampal culture Electrophysiology 

Coverslips containing neurons were transferred to a chamber containing a low-K+ 

bath solution (in mM): 145 NaCl, 4 KCl, 1.8 CaCl2, 1 MgCl2, 5.5 D-glucose, 5 

HEPES/NaOH (pH 7.4).  Bath solution was perfused continuously through the chamber 

(0.5 mL volume) at 1 mL/min throughout the experiments.  Neurons visualized using an 

Olympus IX-70 microscope.  Membrane potentials and whole-cell currents were 
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measured in large neurons exhibiting pyramidal morphology with hardware (Axopatch-

200B amplifier, Digidata 1320) and software (pCLAMP v. 9.0) from Axon Instruments, 

Inc. (Sunnyvale, CA).  Borosilicate patch pipettes (3-5 MΩ) were filled with (in mM): 

130 KCl, 10 NaCl, 1 EGTA/KOH (pH 7.2), 0.5 MgCl2, 10 HEPES/KOH (pH 7.2), 2 

Na2ATP, 5 phosphocreatine, 0.3 GTP.  Baclofen-induced currents were measured at 

room temperature in a high-K+ bath solution (in mM): 120 NaCl, 25 KCl, 1.8 CaCl2, 1 

MgCl2, 5.5 D-glucose, 5 HEPES/NaOH (pH 7.4).  The high-K+ bath solution (+/- 

baclofen) was applied directly to the soma and proximal dendrites with an SF-77B rapid 

perfusion system (Warner Instruments, Inc.; Hamden, CT). 

Upon achieving whole-cell access, resting membrane potentials were recorded in 

current-clamp (I=0) mode, followed by a switch to voltage-clamp mode (Vhold = -70 mV).  

Current responses to the application of the high-K+ solution (+/- baclofen) were measured 

at a holding potential of -70 mV. All currents were low-pass filtered at 1 kHz, sampled at 

2 kHz, and stored on computer hard disk for subsequent analysis.  Steady-state current 

amplitudes were measured for each experiment, as well as activation and deactivation 

kinetics. The Ba+2 sensitivity of the evoked current was tested by measuring baclofen-

induced current in the high-K+ solution, followed 60 s later by a measurement of the 

baclofen-induced current in a high-K+ solution containing either 0.3 or 1 mM BaCl2.  

Current-voltage relationships for the baclofen-induced current were obtained using a 

ramp protocol (-120 to 0 mV; 1 s); baseline current was subtracted from current evoked 

by baclofen.  
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