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Abstract: Kir3 (or GIRK) channels have been known for nearly three decades to be activated by direct interactions with
the By subunits of heterotrimeric G (Gafy) proteins in a membrane-delimited manner. Ga also interacts with GIRK chan-
nels and since PTX-sensitive Ga subunits show higher affinity of interaction they confer signaling specificity to G Pro-
tein-Coupled Receptors (GPCRs) that normally couple to these G protein subunits. In heterologous systems, overexpres-
sion of non PTX-sensitive Go. subunits scavenges the available GBy and biases GIRK activation through GPCRs that cou-
ple to these Ga subunits. Moreover, all Kir channels rely on their direct interactions with the phospholipid PIP, to main-
tain their activity. Thus, signals that activate phospholipase C (e.g. through Gq signaling) to hydrolyze PIP, result in inhi-
bition of Kir channel activity. In this review, we illustrate with experiments performed in Xenopus oocytes that Kir chan-
nels can be used efficiently as reporters of GPCR function through Gi, Gs or Gq signaling. The membrane-delimited na-
ture of this expression system makes it highly efficient for constructing dose-response curves yielding highly reproducible

apparent affinities of different ligands for each GPCR tested.
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INTRODUCTION

G protein-coupled receptors (GPCRs) are proteins with
an extracellular N terminus, a cytoplasmic C terminus, and a
transmembrane domain composed of 7 helices connected by
intracellular and extracellular loops [1]. GPCRs mediate
most of their intracellular actions through signaling pathways
that involve activation of G-proteins [2]. In response to
GPCR stimulation, G-proteins signal to effector proteins,
such as enzymes and ion channels. This results in rapid
changes in the concentration of intracellular signaling mole-
cules, such as cAMP, cGMP, inositol phosphates, diacyl-
glycerol, arachidonic acid, and cytosolic ions. The GPCR
superfamily includes receptors for diverse endogenous
ligands in the form of hormones, neurotransmitters or neu-
romodulators. These include biogenic amines, peptides,
amino acids, glycoproteins, prostanoids, phosphollpxds fatty
acids, nucleosides, nucleotides, and Ca>* ions. Sensory
GPCRs bind diverse exogenous ligands, such as odorants,
bitter and sweet tastants, pheromones, and photons of light.
GPCR dysfunction results in human diseases, and many
GPCRs are targets for pharmaceuticals and drugs of abuse.
Approximately 80% of known hormones and neurotransmitters
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activate cellular signal transduction mechanisms by stimulat-
ing GPCRs [3]. Furthermore, about half of the current drugs
on the market target GPCRs generating tens of billions of
dollars in revenues and representing a significant portion of
the portfolio of many pharmaceutical companies. Due to
their importance, GPCRs and their signaling have been stud-
ied extensively and breakthroughs in our understanding of
how they work have received multiple Nobel prizes [4].

GPCRs associate with heterotrimeric G (Gofy) proteins
to transduce ligand binding of the receptor to downstream
effectors. Twenty different Ga, five different G, and twelve
different Gy isoforms associate in distinct combinations with
GPCRs [5]. The G-protein signaling cycle can be described
in three major steps: 1) Binding of a ligand to the GPCR
induces a conformational change to the receptor that is trans-
duced to the Ga subunit, such that its affinity for intracellu-
lar GTP is greatly increased over the already bound GDP,
and in a Mg**-dependent manner GDP is exchanged with
GTP. In this regard, the activated GPCR is acting as a gua-
nine nucleotide exchange factor (GEF) to stimulate the ex-
change of nucleotides with the Go subunit. 2) The Ga
subunit uses the binding energy of GTP to produce a con-
formation favoring its dissociation from Gy and association
with effector proteins. Similarly, the dissociated GBy can
also interact with effectors. Thus, the dissociated G-protein
subunits are activated to signal to downstream effectors. 3)
The activation of the G-protein subunits ends by hydrolysis
of GTP to GDP by the GTPase activity of the Ga subunit
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(either intrinsic GTPase or stimulated by specific interacting
proteins — e.g. GTPase activating proteins or GAPs, such as
RGS proteins), enabling re-association with Gfy. Following
re-association, the heterotrimeric G-protein can interact
again with the GPCR and the activation cycle can proceed
again. Three pathways comprise most of G-protein subunit
signaling: Gs, Gi/o, and Gq. The Gs signaling pathway in-
volves four Ga isoforms. Cholera Toxin (CTX) ADP-
ribosylates Ga, subunits rendering them constitutively ac-
tive. The Gi/o signaling pathway involves nine Ga isoforms.
Pertussis Toxin (PTX) ADP-ribosylates the Gay, subunits
functionally uncoupling them from their associated GPCRs.
This renders the G-proteins unable to transduce ligand-
induced GPCR conformational changes. The Gq pathway
involves seven related Ga subunits for which no specific
ADP-ribosylating toxin has been identified. RGS2 proteins
have been found to specifically associate with Ga, proteins
and can therefore be used as specific inhibitors of the Gq
signaling pathway [6]. Even though G-protein signaling has
been intensely studied for several decades, many questions
remain regarding how GPCR/G-protein subunit/effector pro-
tein interactions control the activity of effectors in a signal-
ing-dependent manner.

Oocytes from Xenopus laevis frogs have been widely
used as a heterologous expression system for studying ion
channels since the early 1980s when this system was ini-
tially developed by Miledi and coworkers [7, 8]. Oocytes
are most often injected with cRNA prepared in vitro, from a
cDNA coding for the ion channel of choice, and the re-
sponses are analyzed electrophysiologically using the two-
microelectrode, whole-cell voltage clamp [9, 8] (Fig. 1) or
the patch-clamp technique [10] using membrane patches
[11]. Current resulting from the injected RNA is typically
much larger than that through endogenous channels, mak-
ing the background from native oocyte currents insignifi-
cant. In some cases, the presence of an endogenous re-
sponse can be utilized as a positive control for the second
messenger system coupled to the initial response under
study (e.g. see below the case of Gq signaling). The discov-
ery of K channels sensitive to activation by G-proteins in
the Xenopus system [12, 13] demonstrated that heterologous
expression of GPCRs could readily be coupled to co-
expressed K channels through endogenous oocyte hetero-
trimeric G-proteins. Our goal is to review evidence that the
oocyte expression system is a convenient and powerful sys-
tem to study GPCR signaling using K" channels as reporters
of GPCR activity.

Since their cloning, G-protein-sensitive inwardly rectify-
ing K* (GIRK or Kir3) channels have been extensively stud-
ied in the Xenopus oocyte system. They belong to the 15-
member family of inwardly rectifying potassium (Kir) chan-
nels, named for their ability to conduct K™ ions better in the
inward (Vi, < Eg) rather than the outward (V,, > Eg) direc-
tion (Hibino et al., 2010). Four mammalian isoforms com-
prise the Kir3 subfamily, GIRK1-GIRK4 (Kir3.1-Kir3.4).
GIRK1 channels function only as heteromers in association
with one of the other subunits (GIRK2-GIRK4). These addi-
tional subunits can function both as homotetramers and het-
erotetramers in several tissues, including heart and brain.
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Fig. (1). The Xenopus oocyte heterologous expression system.
Oocytes are isolated from Xenopus laevis frogs through a small
abdominal incision and are subjected to mild collagenase treatment
to isolate them from the surrounding follicular cells. /n vitro tran-
scribed cRNA from a frog vector (e.g. pGEM-HE) coding for the
desired protein to be overexpressed (e.g. for GIRK) and flanked by
RNA stabilizing elements found in the 5* and 3’ untranslated re-
gions of the Xenopus B-globin gene is injected into the isolated
oocytes. Depending on the level of functional expression for each
cRNA, two-electrode voltage clamp is utilized to record whole-cell
currents, anywhere from 1 to several days following injection.
Whole-cell currents in Xenopus oocytes are recorded by conven-
tional two-electrode voltage-clamp (TEVC) as described previously
[31]. Recordings are performed with a GeneClamp500 amplifier
(Axon Instruments) 3—5 days after cRNA injection. Electrodes are
filled with 1.5% (wt/vol) agarose in 3 M KCl. Microelectrodes had
a resistance of 0.3-1.0 MQ. 96 mM [K], solutions are used such
that Ex = 0 mV. Two voltage protocols are routinely used in the
experiments presented: one is a voltage ramp from -80 mV to
+80 mV while before and after the ramp the membrane is held at 0
mV; the other is a voltage step protocol from 0 mV to —80 mV then
to +80 mV and finally back to 0 mV. Current measurements are
made at -80 mV and +80 mV to ensure the maintenance of rectifi-
cation and time course data for inward currents are plotted.

Soejima and Noma (1984) first used the cell-attached
mode of the patch-clamp technique to study GIRK channels
in the heart. In the absence of acetylcholine (ACh) in the
pipette (i.e. in the extracellular environment of the mem-
brane patch), they recorded a low basal level of activity from
rabbit atrial cells [14]. This basal level of activity was not
altered by applying ACh in the bath, suggesting that the
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channel could not be activated by generation of soluble sec-
ond messengers. Yet, when they included ACh in the pipette,
thus directly applying it to the extracellular side of the mem-
brane, channel activity was dramatically stimulated. These
experiments suggest that the activation of K" currents by
ACh (Kach) was confined to the membrane patch isolated by
the pipette in the cell-attached recording requiring direct
application of ACh on the extracellular side of the mem-
brane. This conclusion was further confirmed two years later
by demonstrating that G-protein signaling to Kacy, could oc-
cur in excised membrane patches from guinea pig atrial cells
[15]. In 1985, two laboratories demonstrated that G-proteins
transduced the ACh signal to the K channels, using the
whole-cell mode of the patch-clamp technique. Hille’s group
showed that ACh stimulation of K™ currents was PTX sensi-
tive. PTX ADP ribosylated the chick embryonic atrial Ge;
subunits disrupting ACh signaling through the muscarinic
type 2 receptor [16]. Breitwieser and Szabo (1985) showed
that inclusion of a non-hydrolyzable analog of GTP (GTPyS)
in the patch pipette constitutively activated bullfrog atrial
Kach (GTPyS diffuses into the cell from the patch pipette and
activates the G-proteins and thus the channels, irreversibly)
[17]. Two years later Logothetis and colleagues in the Clap-
ham and Neer labs (1987) showed that perfusion of purified
GBy subunits in the inside-out mode of the patch-clamp
technique could activate chick atrial myocyte Kacp, inde-
pendently of the endogenous G-proteins [18]. Kac was the
first effector shown to be activated directly by GBy and a
model was proposed suggesting that following G-protein
subunit activation, the Gy subunits stimulated Kacy, inde-
pendently of the Gou subunits. The studies performed be-
tween 1984-1987 were all consistent with the conclusion that
G-protein activation of Kxc, occurred in the plasma mem-
brane and did not involve soluble second messengers.

Approximately a decade later in 1998, two reports from
different laboratories showed stimulation of G-protein-
sensitive channels was phosphatidylinositol bis-phosphate-
(PIP»-) dependent [19, 20]. Additionally, intracellular Na*
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ions, which use a G-protein independent mechanism to gate
GIRK channels, also depended on PIP,. Unlike other Kir
channels that exhibited PIP, dependence for their activity,
GIRK channels could not be activated by PIP, alone but re-
quired the co-presence of GBy or Na”, both of which used
independent mechanisms of enhancing the channel’s appar-
ent affinity to PIP, [21]. Kobrinsky and co-workers revealed
the physiological importance of the PIP, dependence of Kch
[22]. Activation of the Gq pathway resulted in PIP, hydroly-
sis and desensitization of Kac, currents, a process that re-
quired re-synthesis of PIP, for recovery from desensitization.
Similar inhibition/desensitization of other PIP.-dependent
currents has been demonstrated for Kir2 and other types of
channels [23, 24]. Crystal structures of GIRK2 (Kir3.2) in
complex with PIP, as well as of the Kir2.2 channel (IRK2)
have confirmed the Kir channel site of interactions with this
signaling phospholipid and its critical position relative to the
channel gates [25, 26]. Additionally, the site of action of the
GPy subunits has been identified [27, 28] along with a
mechanism of how the PIP,-channel and the G@y-channel
interaction sites are coupled [29, 27].

Figure 2 shows schematically the three major signaling
pathways as they couple to Kir channels in the oocyte sys-
tem. Co-expression of the GPCR of choice with the Kir
channel reporter allows for membrane-delimited G-protein
signaling, and its quantification can be achieved through
measurement of jonic currents. Assessment of Gq signaling
in oocytes involves co-expression of a Gg-coupled GPCR
(GqPCR) with Kir2.3 as the channel reporter with ligand-
induced hydrolysis of PIP, resulting in current inhibition
(Fig. 2A). Kir2.3 activity is not affected directly by G-
protein subunits but is highly dependent on interactions with
PIP, to maintain its activity. Stimulation of the GqPCR by
the appropriate ligand leads to activation of PLCB1 and hy-
drolysis of PIP, to inositol tris-phosphate (IP;) and diacyl-
glycerol (DAG). The decrease in PIP» concentration in the
immediate vicinity of the channel causes diffusion of its
bound PIP, away from the channel binding site resulting in
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Fig. (2). Using ion channel activity to monitor Gq, Gi/e, and G, signaling. (A) Stimulation of a GqPCR, such as 2AR, activates phosphol-
ipase C (PLC) to hydrolyze plasma membrane phosphatidylinositol 4,5 bisphosphate (PIP,) resulting in inhibition of the Kir2.3 channel cur-
rent. RGS2 is shown to inhibit Gq signaling. (B) Stimulation of a Gi/oPCR, such as mGluR2, activates G proteins that stimulate
GIRK1/GIRK2 and GIRK1/GIRK4 currents via the G;By subunits. The active protomer of PTX is shown to inhibit Gi/o signaling. (C) Stimu-
lation of a GsPCR, such as B2-AR, activates G proteins that stimulate GIRK1/GIRK2 currents via the G,By subunits, only when Ga is over-

expressed.
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current inhibition. Co-expression of RGS2 along with the
GqPCR and Kir2.3 inhibits ligand-induced current inhibi-
tion. The PIP hydrolysis products IP; and DAG are ubiqui-
tous signals. IP; stimulates Ca®" release from endoplasmic
reticulum stores, while DAG stimulates PKC that phos-
phorylates numerous protein targets. A number of different
types of experiments can ascertain if current inhibition in-
volves PIP, hydrolysis, is IP;-mediated, or PKC-dependent
(patch-clamp experiments with excised membrane patches,
experiments involving co-expression of IP; phosphatase, or
use of pharmacological blockers of PKC) [30]. Assessment
of Gi/o signaling in oocytes involves co-expression of a
Gi/o-coupled GPCR (Gi/oPCR) along with a GIRK channel
reporter and ligand-induced current stimulation (Fig. 2B).
Stimulation of the Gi/oPCR by the appropriate ligand leads
to GPy-induced stimulation of GIRK currents [31]. Co-
expression of PTX along with the Gi/oPCR and GIRK chan-
nels decreases basal currents and abolishes agonist-induced
current stimulation [32]. Assessment of Gs signaling in oo-
cytes using ion channel activity as a reporter proved more
challenging than Gq or Gi signaling. At the endogenous ex-
pression levels of G-protein subunits, GIRK channels exhibit
specificity for Gi/o proteins and Gi/oPCRs as revealed by the
PTX sensitivity of stimulated currents. Yet in heterologous
expression systems, like the Xenopus oocytes, one could bias
Gy signaling from Gay, to Ga, by overexpressing Ga
subunits. The B2-adrenergic receptor (2-AR), a Gs-coupled
GPCR (GsPCR), caused significant GIRK stimulation when
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it was overexpressed along with the GIRK channels and Ga,
proteins [33]. Under these conditions, isoproterenol- (ISO-)
could induce large GIRK currents in Xenopus oocytes (Fig. 2C).
Thus, oocyte overexpression of Gas subunits biases signaling
from the Gi/o to the Gs pathway.

We employed the Kir2.3 channel as a reporter of GqQPCR
signaling and used two-electrode voltage-clamp to monitor
currents. Oocytes only expressing Kir2.3 showed robust cur-
rents, ~20 pA (Fig. 3A). Subsequent serotonin perfusion did
not alter the Kir2.3 current, suggesting the lack of endoge-
nous oocyte serotonin receptors coupling to the Gq signaling
pathway. Perfusion of Ba>* ions blocks Kir currents, as evi-
denced by the effect of 3 mM BaCl, on Kir2.3 currents. Yet,
when the SHT24R (or 2AR), a GqPCR, was co-expressed
with the Kir2.3 channel, 1 uM serotonin perfusion caused
robust inhibition of K™ current (Fig. 3B). The spike observed
at the onset of serotonin perfusion signifies activation of the
oocyte endogenous Ca**-activated CI' current (I¢ckca), and
provides additional evidence of the serotonin-induced PIP,
hydrolysis and IP;-mediated rise in intracellular Ca**. Ex-
pression of the active protomer of PTX showed no effect on
the serotonin-induced inhibition of the Kir2.3 current, sug-
gesting that this was a Gi/o-independent effect (Fig. 3C). In
contrast, co-expression of the RGS2 protein together with the
2AR and Kir2.3 greatly attenuated the serotonin-induced
current inhibition, suggesting that this process is Gq medi-
ated (Fig. 3D). These results are summarized in (Fig. 3E).

Kir2.3 Kir23+2AR € Kir2.3 + 2AR + PTX
nKk__ SER__ B¥ HK___SER __ B HK___SER__ B
0 0 - 0 1
G 2 51 % 5
i 3 %
= 101 = .10 = .10
5 5 5
£ 15 £ 15 E-l5
O 20 S 20 S 20
=25 T T T -25 T T T -25 4
0 100 200 300 0 100 200 300 0 100 200 300
Time (s) Time (s) Time (s)
D kir23+24ar+rGs2 E
HE.. SER__ B¥
g % %% *
01 25 1 F r r"l I Basal
_ Dgusnld»
~ .5 4 ~ _70) 4 Serotonin
< > < 20 * p<0.0s
:_10_ :_15_ ¥ p<0.01
‘_‘5 =
£ .15 £ .10 -
- -
QO 20 - O 54
25 4 J
0 100 200 300 Kir23 +2AR +2AR +2AR
“ +PTX +RGS2
Time (s)

Fig. (3). Gq signaling activity of 2AR in response to serotonin. Representative barium-sensitive traces of Kir2.3 currents obtained in re-
sponse to 1 uM serotonin (SER) in oocytes expressing (A) Kir2.3 alone, (B) Kir2.3 together with the serotonin receptor 2AR, (C) Kir2.3,
2AR and PTX, and (D) Kir2.3, 2AR and RGS2. (E) Summary of basal and serotonin-induced levels of current for all groups.
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Fig. (4). Measurement of the apparent affinity of 2AR for serotonin using ion channel activity. (A) Representative barium-sensitive
traces of Kir2.3 currents obtained in oocytes expressing 2AR in response to increasing concentrations (0.1 nM to 1 mM) of serotonin (SER).
(B) Dose-response curve showing Gq-mediated inhibition of Kir2.3 current elicited by serotonin in oocytes expressing 2AR. Response was

normalized to the maximum value. (ECsp = 214+0.01 nM).

Since Kir2.3 current inhibition signified Gq activation, we
proceeded to perform a serotonin dose-response experiment
and determine the apparent affinity of 2AR for serotonin in
the Xenopus oocyte expression system (Fig. 4A). The nor-
malized Gq activation (relative to the maximal current inhi-
bition — 100%) was plotted as a function of serotonin con-
centration and the points obtained were fitted by a curve
according to the Hill equation, giving an ECso = 214 nM
(Fig. 4B).

We next turned to expressing the neuronal GIRKI/
GIRK?2 (G1/G2) as a reporter of GiPCR signaling. Expres-
sion of G1/G2 alone in oocytes produced currents of ~2 A
(Fig. 5A). Glutamate perfusion showed no changes in the
G1/G2 current while perfusion of BaCl, blocked the G1/G2
currents, suggesting the lack of oocyte endogenous gluta-
mate receptors coupling to the Gi/o signaling pathways. Yet,
when the mGluR2, a GiPCR, was co-expressed with the
G1/G2 channel, 10 uM glutamate perfusion caused robust
stimulation of K* current (Fig. 5B). When PTX was co-
expressed with the mGluR2 and G1/G2 channel, the basal
current was reduced and the glutamate-induced currents were
abolished (Fig. 5C). These results are summarized in (Fig.
5D). We next performed a glutamate dose-response experi-
ment and determined the apparent affinity of mGIuR2 for
glutamate in the Xenopus oocyte expression system, using
G1/G2 heteromeric channels (Fig. 6A). The normalized Gi
activation is plotted as a function of glutamate concentration
and the points obtained were fitted by a curve according to
the Hill equation, giving an ECso = 0.5 uM (Fig. 6B).

Finally, we turned to using the G1/G2 channel as a re-
porter for GsPCR signaling following the work of Lim and
co-workers (1995), who showed that G-protein coupling to
GIRK channels could be biased towards Gs signaling. G1/G2
currents were not affected by perfusion of ISO (Fig. 7A),
suggesting the lack of oocyte endogenous receptors sensitive
to this adrenergic receptor agonist. In the absence of the 2-
AR, Ga, overexpression did not reveal 1SO-induced currents
(Fig. 7B). Co-expression of the B2-AR with G1/G2 gave
very small or no ISO-induced currents, suggesting inefficient

coupling of the oocyte endogenous Gy subunits coming
from the GsPCR (Fig. 7C). Lim and colleagues had shown a
differential dependence of agonist-independent (basal) ver-
sus ISO-dependent GIRK1 currents expressed in oocytes,
presumably as heteromers with endogenous oocyte GIRKs
[33, 34]; 200 pg of injected Gas cRNA gave saturating 15-
fold enhancement of ISO-dependent current, while by 1 ng
of injected Gas cRNA the basal current was maximally de-
creased presumably by scavenging free GBy. Co-expression
of the B2-AR, Go, and the G1/G2 channel gave significant
agonist-independent (or basal) and 1SO-dependent currents
(Fig. 7D). Co-expression of PTX abolished the increase in basal
currents and revealed larger ISO-induced currents (Fig. 7E).
The Lefkowitz group reported first that PK A-mediated phos-
phorylation of B2-AR allowed for a switch of the signaling
specificity from Gs to Gi [35]. Whether the PTX-sensitive
basal currents are the result of a similar PKA-dependent
mechanism remains to be further investigated. Co-expression
of the Gy scavenger, the PH domain of the B-AR kinase
(BARK), greatly attenuated all currents (Fig. 7F), reaffirm-
ing that the 1SO-induced currents were mediated by the
Gy subunits. These results are summarized in (Fig. 7G).
The normalized Gs activation is plotted as a function of ISO
concentration (Fig. 8A) and the points obtained were fitted
by a curve according to the Hill equation, giving an ECsy =
0.49 nM (Fig. 8B). This apparent affinity for ISO appears
~100-fold higher than that determined in other systems. A
ten-fold reduction in the injected Go, cRNA concentration
(to 100 pg) yielded an ECsp = 100 nM (data not shown).
Thus, high levels of Ga, greatly increase the efficiency of
the B2-AR/Ga, coupling causing the enhanced apparent af-
finity.

Since the GPCR coupling to the G-protein heterotrimer is

_ controlled by the Ga subunits, one could also utilize this

system to investigate which Go subunit couples to a given
GPCR to affect channel activity. In such experiments, ap-
propriate controls are required to ensure that the particular
Ga subunit tested is able to associate and signal through the
GPy subunits used.
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Fig. (5). G; signaling activity of mGIluR2 in response to glutamate. Representative barium-sensitive traces obtained from oocytes express-
ing the channel GIRK1/GIRK2 (G1/G2) alone (A), the channel G1/G2 and metabotropic type 2 Glutamate receptor (nGluR2) (B), or the
channel G1/G2, mGIluR2 and PTX (C). Channel activity was monitored using TEVC in the presence or absence of 10uM glutamate in the
bath solution. (D) Summary bar graph of the basal and agonist-induced currents (mean+SEM) monitored in each of the above cases. Gluta-
mate can significantly potentiate the current amplitude in oocytes expressing G1/G2 and mGluR2, an effect that is abolished when PTX is co-
injected to the oocytes.
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Fig. (6). Measurement of the apparent affinity of mGIuR2 for glutamate using ion channel activity. (A) Representative barium-sensitive
trace from a single oocyte expressing the heterotetrameric channel GIRK1/GIRK2 (G1/G2) and mGluR2 depicting a dose dependent channel
activity when increasing concentrations of nanomolar concentrations of glutamate 10, 100, 316, 1000, 3160 were present in the bath solution.
(B) Representative glutamate dose-response curve. Channel activity was measured in TEVC recordings in Xenopus oocytes expressing G1/G2
and mGluR2 and Gi activity was estimated as the Glutamate induced activity normalized with the barium-sensitive basal current. The % Gi
responses (% GIRK activation) elicited by different concentrations of glutamate (ECsy = 464+34.8 nM).
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obtained at -80 mV in response to a high K" solution (HK, solid line) and 100 nM isoproterenol (ISO, dashed line) in oocytes expressing (A)
G1 +G2, (B) Gl + G2 + Ga, (C) G1 + G2 + p2-AR, (D) G1 + G2 + B2-AR + Gu,, (E) Gl + G2 + Ga, + f2-AR, and (F) Gl + G2 + f2-AR +
G, + BARK-PH. Barium (3 mM Ba*", dotted line) inhibited G1/G2 and allowed for subtraction of G1/G2 independent currents. (G) Sum-
mary figure where each bar represents the mean of n=5-6 experiments with error bars depicting the standard error of the mean. Significance
between “basal” and “basal + isoproterenol” was determined using paired t-tests p<0.05.
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Fig. (8). Measurement of the apparent affinity of B2-AR in response to isoproterenol. (A) Representative trace of G1/G2 currents ob-
tained at -80 mV in response to a high K™ solution (HK, solid line) and 0.03, 0.1, 0.3, 1, 10, and 100 nM isoproterenol (ISO, dashed line) in
oocytes expressing Gl + G2 + B2-AR + Ga,. Barium (3 mM Ba®", dotted line) inhibited G1/G2 and allowed for subtraction of G1/G2 inde-
pendent currents. (B) Dose-response curve of isoproterenol-induced G1/G2 activation. Data were fit using the Hill equation with an ECso =
0.5+0.1 nM.

We have previously used the Xenopus oocyte heterolo- A GPCR) [36]. Glutamate signaling in oocytes expressing
gous expression system to study heteromeric GPCR com- the mGluR2 alone (1 ng of cRNA) gave PTX-sensitive re-
plexes between mGIuR2 (a class C GPCR), and 2AR (a class sponses like those shown in (Fig. 5). Serotonin signaling in



994  Current Pharmaceutical Biotechnology, 2014, Vol. 15, No. 10

oocytes expressing the 2AR alone (2 ng of cRNA) gave
RGS2-sensitive responses like those shown in (Fig. 3). Co-
expression of mGIuR2 (1 ng of cRNA) and 2AR (2 ng of
cRNA) doubled the mGIluR2 response, while it halved the
2AR response. Antipsychotic or hallucinogenic drugs showed
clear cross signaling through the co-expressed mGIuR2/ 2AR
receptors only at the 1:2 cRNA ratio, respectively.

The great advantage of the oocyte system over mammal-
ian cell lines as a heterologous expression system is that one
can accurately inject different amounts of cRNA that are
turned into protein by the translational machinery of the oo-
cyte. Similar control of the amount of cDNA through trans-
fection of mammalian cell lines is certainly much more chal-
lenging. Since the stoichiometry of certain heteromeric
GPCR complexes is critical to their ability to cross signal,
the oocyte system offers a convenient and powerful way to
functionally study such complexes. Additionally, an advan-
tage of the oocyte expression system over mammalian cell
lines lies in that it allows for simultaneous expression of
multiple cRNA species whose level of injection into the cell
can be fully controlled. Since the stoichiometry of certain
heteromeric GPCR complexes is critical to their ability to
cross signal, the oocyte system offers a convenient and pow-
erful way to functionally study such complexes. Further-
more, experiments like those shown in (Fig. 7E, F), involv-
ing as many as five or more species of cRNA, can be rou-
tinely performed with high success in this system, unlike
cDNA transfection of as many species in mammalian cell
line expression systems.
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