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Coregulation of Natively Expressed Pertussis
Toxin-Sensitive Muscarinic Receptors with G-ProteinActivated Potassium Channels
Sinead M. Clancy,1 Stephanie B. Boyer,1,2 and Paul A. Slesinger1,2
1Peptide Biology Laboratory, The Salk Institute for Biological Studies, La Jolla, California 92037, and 2Department of Neurosciences, University of
California, San Diego, La Jolla, California 92093

Many inhibitory neurotransmitters in the brain activate Kir3 channels by stimulating pertussis toxin (PTX)-sensitive G-protein-coupled
receptors. Here, we investigated the regulation of native muscarinic receptors and Kir3 channels expressed in NGF-differentiated PC12
cells, which are similar to sympathetic neurons. Quantitative reverse transcription-PCR and immunocytochemistry revealed that NGF
treatment significantly upregulated mRNA and protein for m2 muscarinic receptors, PTX-sensitive G␣o G-proteins, and Kir3.2c channels. Surprisingly, these upregulated muscarinic receptor/Kir3 signaling complexes were functionally silent. Ectopic expression of m2
muscarinic receptors or Kir3.2c channels was unable to produce muscarinic receptor-activated Kir3 currents with oxotremorine. Remarkably, pretreatment with muscarinic (m2 /m4 ) receptor antagonists resulted in robust oxotremorine-activated Kir3 currents. Thus,
sustained cholinergic stimulation of natively expressed m2 /m4 muscarinic receptors controlled cell surface expression and functional
coupling of both receptors and Kir3 channels. This new pathway for controlling Kir3 signaling could help limit the potential harmful
effects of excessive Kir3 activity in the brain.
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Introduction
Activation of G-protein-coupled receptors (GPCRs) with neurotransmitters, such as acetylcholine and GABA, opens G-proteingated inwardly rectifying potassium channels (Kir3; GIRK) and
produces slow inhibitory potentials (Lüscher et al., 1997). Kir3
channel activity has been implicated in drug addiction (Morgan
et al., 2003; Cruz et al., 2004), in preventing excessive neuronal
excitability (Signorini et al., 1997), and in influencing pain
thresholds (Mitrovic et al., 2003). Overexpression of mutant
Kir3.2 channels, however, can increase susceptibility to toxininduced cell death (Chung et al., 2005). Although one study has
demonstrated that electroconvulsive shock increases the mRNA
for Kir3 channels (Pei et al., 1999), the regulation of the Kir3
transcripts and protein under physiological conditions is poorly
understood.
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Four Kir3 channel subunits (Kir3.1–Kir3.4) have been identified in mammals (Dascal, 1997). Kir3.1 must coassemble with
Kir3.2, Kir3.3, or Kir3.4 to produce functional channels (Hedin
et al., 1996; Kennedy et al., 1996; Slesinger et al., 1996; Jelacic et
al., 1999). In neurons, three different splice variants of Kir3.2
(Kir3.2a, Kir3.2b, and Kir3.2c) channels exist (Isomoto et al.,
1997), each splice variant can form homotetramers in heterologous expression systems (Slesinger et al., 1996) and neurons
(Inanobe et al., 1999b). Kir3 channels are activated via G␤␥
dimers released from pertussis toxin (PTX)-sensitive (G␣i/G␣o)
G-proteins (Logothetis et al., 1987; Reuveny et al., 1994; Rishal et
al., 2003; Finley et al., 2004). Stimulation of receptors that couple
to PTX-insensitive G-proteins (e.g., G␣q and G␣s), conversely,
do not activate Kir3 channels (Yamada et al., 1998). The direct
interaction of G␣i/o subunits with Kir3 channels may be important for establishing specific PTX-sensitive GPCR/Kir3 signaling
pathways (Slesinger et al., 1995; Ivanina et al., 2004; Clancy et al.,
2005).
We hypothesize that Kir3 channels, PTX-sensitive G-proteins,
and GPCRs (which we refer to as a “GPCR/Kir3 signaling complex”) might be subject to a similar regulatory pathway. In addition, regulator of G-protein signaling proteins may also have a
role in forming a GPCR/Kir3 signaling complex (Jaen and
Doupnik, 2006; Fowler et al., 2007). Previous studies have examined GPCR/Kir3 signaling complexes in heterologous expression
systems, in which proteins are ectopically overexpressed. Direct
evidence demonstrating the regulation of a natively expressed
GPCR/Kir3 signaling complex is lacking. Here, we used rat pheo-
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chromocytoma PC12 cells, which differentiate into sympatheticlike neurons in the presence of nerve growth factor (NGF) (Dichter et al., 1977; Greene and Tischler, 1982). PTX-sensitive
G-protein subunits G␣o and G␣i2, as well as G␤␥ dimers are
upregulated during NGF-mediated differentiation (Asano et al.,
1989). Conversely, PTX-insensitive G␣s subunits do not appear
to be significantly affected (Andreopoulos et al., 1995). Whether
NGF-mediated treatment changes Kir3 expression in PC12
cells is unknown. Using a combination of quantitative reverse
transcription-PCR (qRT-PCR), immunocytochemistry, and
whole-cell electrophysiology, we established that NGF upregulates a PTX-sensitive m2 receptor (m2R)/Kir3.2 signaling complex. Surprisingly, muscarinic receptor activity appears to control
the cell membrane expression of both muscarinic receptors and
Kir3.2 channels. In addition to other pathways for regulating Kir3
activity, such as changes in phosphatidylinositol-4, bisphosphate
levels (Kobrinsky et al., 2000) or regulators of G-protein signaling
activity (Chuang et al., 1998; Mutneja et al., 2005), coregulation
of muscarinic receptors and Kir3.2 channels provides a mechanism for regulating cell surface levels of muscarinic receptor/
Kir3.2 signaling complexes and thus Kir3.2 channel activation.

Materials and Methods
Cell culture and molecular biology. PC12 cells were kindly provided by Dr
M. Montminy (Salk Institute for Biological Studies, La Jolla, CA). Cells
were maintained in DMEM supplemented with fetal bovine serum (FBS)
(5%) and horse serum (HS) (10%) (DMEM ⫹; Invitrogen, Carlsbad,
CA), in a humidified 37°C incubator with 95% air/5% CO2. NGF (50
ng/ml; Sigma, St. Louis, MO) differentiated PC12 cells were maintained
in DMEM supplemented with NGF only (no FBS or HS) for 7– 8 d, with
regular medium changes every 24 h. For electrophysiological recordings
and immunocytochemistry, cells were plated onto 12 mm glass coverslips (Warner Instruments, Hamden, CT) coated with poly-D-lysine (20
mg/ml; Sigma) and collagen (100 mg/ml; BD Biosciences, Franklin lakes,
NJ) in 24-well plates. For surface expression studies, HA–Kir3.2c was
used, which contains hemagglutinin (HA) epitope inserted between I126
and E127. For total internal reflection fluorescence (TIRF) experiments,
cells were plated on 35 mm glass-bottom culture dishes (MatTek, Ashland, MA) and coated as described above. The m2 muscarinic receptor
was fused to cyan fluorescent protein (CFP) (m2–CFP) by engineering a
XhoI site and Kozak sequence (GCCACC) 5⬘ to the start codon of m2 and
a HindIII site before the stop codon using PCR and then subcloned into
pECFP–N1 (Clontech, Mountain View, CA). Five day NGFdifferentiated PC12 cells were transfected with HA–Kir3.2c (1 g),
GABAB R1/R2 subunits (1 g each), m2R (1 g), and/or m2R–CFP (4
g) cDNA using Lipofectamine 2000 (Invitrogen) and cultured for an
additional 48 h before subsequent analysis.
RNA isolation and qRT-PCR. PC12 cells were plated onto 100 mm
Petri dishes at a density of ⬃5 ⫻ 10 6 cells per plate before NGF treatment.
Total RNA was extracted from whole rat brain, undifferentiated, and
NGF-differentiated (7– 8 d) PC12 cells using the RNeasy mini kit, according to the instructions of the manufacturer (Qiagen, Valencia, CA).
RNA was resuspended in PCR-grade DEPC-treated water (Invitrogen)
and treated with DNase I (Invitrogen), and the concentration was calculated by A260 measurement. The integrity of the RNA was also further
checked by 1% RNA gel electrophoresis; only RNA preparations with two
clear sharp ribosomal bands were used in subsequent experiments. Firststrand cDNA was synthesized from 500 ng of each RNA sample, using
0.01 M DTT, 0.5 mM each dNTP, 0.5 g of oligo-dT primer, 40 U of
RNaseOUT ribonuclease inhibitor and 200 U of SuperscriptIII reverse
transcriptase (Invitrogen). Triplicate RT reactions were performed,
along with an additional reaction in which the reverse transcriptase enzyme was omitted to allow for assessment of genomic DNA contamination in each sample.
qRT-PCR was performed in the Salk Institute qRT-PCR facility using
SYBR green PCR master mix (PE Biosystems, Foster City, CA) for each
cDNA sample in a 96-well plate format. All plates contained a no-
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template and reverse transcriptase negative control. Standards were performed on each plate using known dilutions of rat brain genomic DNA
for each gene analyzed. All genes were analyzed in triplicate, and a mean
value was calculated; values were subsequently normalized to ␤-actin
levels for each cDNA sample. Importantly, PC12 cell ␤-actin expression
was not effected by NGF treatment, as had similarly been demonstrated
previously (Lee et al., 1997). Detection of the PCR product was monitored by measuring the increase in fluorescence caused by the binding of
SYBR green dye to the double-stranded DNA product using the ABI
PRISM 7700 sequence detection system (PerkinElmer, Waltham, MA).
Gene expression changes between control and NGF-treated groups were
analyzed by determining the mean ⫾ SEM for three to four separate RNA
preparations. Statistical significance was determined by Student’s t test
for paired comparisons, and significance was taken as p ⬍ 0.05. Data are
presented as gene expression relative to ␤-actin expression (relative expression). The fold change in gene expression was determined dividing
the mean value for NGF-differentiated PC12 cells by the value for undifferentiated PC12 cells.
Sequences of the selected genes were obtained from the genome sequence database website using the gene accession numbers. Primers were
designed using Primer Express 1.5 software (PE Biosystems) to generate
short amplicons. Primer sequences are indicated in supplemental Table
A (available at www.jneurosci.org as supplemental material). The primers for Kir3.2c will also detect Kir3.2d, which is not expected to be expressed in neurons (Inanobe et al., 1999a).
Western blot analysis. PC12 cells were plated at density of ⬃5 ⫻ 10 6
cells per 100 mm Petri dish. Seven day NGF-treated and control nontreated PC12 cells were washed once in ice-cold PBS. Homogenization
buffer (2 ml) containing 10 mM Tris-HCl, pH 7.4, 320 mM sucrose, and a
protease inhibitor cocktail (Calbiochem, San Diego, CA) was added to
each Petri dish on ice (4°C). Cells were removed with a cell scraper and
homogenized with an 18-guauge needle, passing the cell lysate through
the needle 10 times on ice. Adult mice brains were homogenized using a
“Polytron” homogenizer (power 18) for two 10 –15 s pulses on ice; a gap
of 1 min was allowed between each pulse to ensure that sample remained
cool. Lysates were centrifuged (1000 ⫻ g, 10 min) at 4°C, and the supernatants were collected on ice and quantified by SDS-PAGE and Coomassie blue protein gel stain (Pierce, Rockford, IL).
For Western blot analysis, proteins were transferred to nitrocellulose
membranes (GE Healthcare, Little Chalfont, UK) and blocked with SuperBlock buffer (Pierce) for 1 h. Subsequently, blots were exposed to
primary anti-Kir3.1 (1:200; AB5198; Millipore, Billerica, MA) or antiKir3.2 (1:200; APC-006; Alomone Labs, Jerusalem, Israel) antibodies for
1 h, followed by 1 h in chicken anti-rabbit secondary antibody (1:1000;
Santa Cruz Biotechnology, Santa Cruz, CA) at room temperature. Membranes were developed with Supersignal ECL (Pierce), were stripped with
Western blot stripping buffer (Pierce), and were reprobed with anti-␤actin (1:1000; sc-47778; Santa Cruz Biotechnology) to ensure equal protein loading. Westerns analysis was performed three separate times,
yielding similar results.
Pharmacology. For some studies, PC12 cells were treated with the nonselective muscarinic receptor antagonist atropine sulfate (100 M;
Sigma) for 2 h at 37°C after 7 d NGF treatment. To investigate the muscarinic receptor selectivity, the selective m2 muscarinic receptor antagonist AF-DX116 (11-[[2-[(diethylamino)methyl]-1-piperidinyl]acetyl]5, 11-dihydro-6H-pyrido[2,3-b][1,4]benzodiazepin-6-one; (100 nM;
Tocris Bioscience, Ellisville, MO), the selective m4 muscarinic receptor
antagonist tropicamide (200 nM; Sigma), the selective m1 muscarinic
receptor antagonist pirenzipine (100 nM; Sigma), and the selective m3
muscarinic receptor antagonist 4-DAMP (10 nM; 1,1-dimethyl-4diphenylacetoxypiperidinium iodide; Tocris Bioscience) were used.
Concentrations of muscarinic receptor antagonists used in this study
were chosen according to previous studies extensively characterizing the
pharmacological profile of each antagonist for the m2 muscarinic receptor (Waelbroeck et al., 1990), m1/m3 muscarinic receptor (Shi et al.,
1999), and the m4 muscarinic receptor (Lazareno et al., 1993). After
antagonist treatment, PC12 cells were washed in PBS for 15 min at room
temperature before primary antibody exposure for imaging studies or in
20K (see below) solution before whole-cell patch recordings.
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Immunocytochemistry. Control and NGF-differentiated PC12 cells
were fixed with 1% paraformaldehyde for 30 min; for anti-HA studies,
50% of the cells were permeabilized with 0.25% Triton X-100 (Sigma) in
PBS for 10 min, whereas the remaining 50% were treated with PBS only
(nonpermeabilized). All cells were washed twice in PBS and blocked with
2% IgG-free BSA (Fisher Scientific, Pittsburgh, PA) plus 2% donkey
serum (Invitrogen) in PBS for 1 h at room temperature. Cells were subsequently labeled with mouse monoclonal anti-HA antibody (1.25 mg/
ml, MMS-101P; Covance, Princeton, NJ), rabbit anti-m2 muscarinic receptor (1:250; AB5166; Millipore), mouse anti-m4 muscarinic receptor
(1:250; MAB1576; Millipore), rabbit anti-m1 muscarinic receptor (1:200;
AB51641; Millipore), G␣o (1:400; sc-13532; Santa Cruz Biotechnology),
rabbit anti-Kir3.2 (P8122; 1:200; Sigma), or rabbit anti-Kir3.1 (P7997;
1:200; Sigma) in blocking buffer for 2 h at room temperature. After
extensive washing in PBS, cells were incubated in cyanine 3 (Cy3)conjugated donkey anti-mouse IgG or Cy3 donkey anti-rabbit IgG secondary antibody (1:200; Jackson ImmunoResearch, West Grove, PA),
according to primary antibody host species, for 1 h. After extensive
washing, cells were mounted onto glass slides with 1,4diazabicyclo(2,2,2)octane (DABCO) in glycerol (Slow Fade Light Antifade Kit; Invitrogen). Cells were imaged with a Zeiss (Oberkochen, Germany) LSM 5 PASCAL laser confocal microscope using a 63⫻, oil
immersion objective and excitation at 543 nm. In addition, previous 1 h
incubation of each muscarinic antibody with the respective control antigen confirmed receptor antibody specificity. To compare undifferentiated and differentiated PC12 cells, the same gain, pinhole, and exposure
time were used, and the TIFF images were scaled to the same pixel range
for publication. All imaging and immunocytochemical experiments were
repeated at least three times in duplicate, yielding similar results.
Total internal reflectance fluorescence microscopy. TIRF microscopy was
used to study surface expression of m2 muscarinic receptors. Throughthe-objective TIRF microscopy occurs when collimated laser light is offset to illuminate the back focal plane of the objective, which causes the
laser light to arrive at the coverslip at an angle. When this angle is greater
than the critical angle (), an evanescent wave of excitation light is produced at the interface between two media having different refractive
indices, the glass coverslip, and media/cell membrane (Axelrod et al.,
1983). The intensity of this evanescent wave falls off exponentially with
distance above the interface, allowing selective imaging within ⬃100 nm
of the glass/medium interface (i.e., plasma membrane and submembrane
regions). A Nikon (Tokyo, Japan) TE2000 microscope was equipped
with a 60⫻ oil-immersion TIRF objective (Nikon; 1.45 numerical aperture) and a solid-state DPSS 442 nm laser (model 85 BTL 010; Melles
Griot, Carlsbad, CA), which could be adjusted manually for epifluorescence and TIRF. The Nikon filter cube contained a polychroic mirror
with reflection bands at 440 and 510 nm and bandpasses at 475/30 and
560/60 nm (z442/514rpc; Chroma Technologies, Brattleboro, VT). No
excitation filter was used. A CFP emission filter (470/30 nm) was placed
in a filter wheel (Sutter Instruments, Novato, CA) and controlled by a
Lambda 10-2 controller (Sutter Instruments). Images (16 bit) were acquired with a 12.5 MHz Imago CCD camera (T.I.L.L. Photonics, Martinsried, Germany). The camera, laser shutters, and filter wheel were
electronically controlled by TILLvisION software. Transfected cells were
imaged first using epifluorescence (100 ms exposure time) and, after
adjusting the laser, using TIRF (500 ms exposure) microscopy. Fluorescent intensity was analyzed using NIH ImageJ software. Background was
first subtracted, then a region of interest was drawn around the entire cell
(epifluorescence) or the footprint (TIRF), and the average fluorescent
intensity (in arbitrary units) was measured.
Electrophysiology. Whole-cell patch-clamp technique (Hamill et al.,
1981) was used to record macroscopic currents from control and NGFdifferentiated treated PC12 cells. Borosilicate glass electrodes (P6165T:
Warner Instruments) were pulled on a Narashige (Hempstead, NY)
puller and used without Sylgard and fire polishing. Electrodes had resistances of 5–7 M⍀. Membrane currents were recorded with an Axopatch
200B (Molecular Devices, Sunnyvale, CA) amplifier at room temperature, filtered at 2 kHz, digitized at 5 kHz with a Digidata 1320 interface
(Molecular Devices), and stored on a laboratory computer. The intracellular pipette solution contained the following (in mM): 130 KCl, 20 NaCl,

5 EGTA, 2.56 K2ATP, 5.46 MgCl2, and 10 HEPES, pH7.2 with KOH.
Li2GTP (300 M; Sigma) was added fresh to the intracellular pipette
solution. The external bath solution (20K) contained the following (in
mM): 140 NaCl, 20 KCl, 0.5 CaCl2, 2MgCl2, and 10 HEPES, pH 7.2 with
NaOH. BaCl2 (1 mM; Sigma) was added directly to the 20K solution.
Oxotremorine methiodide (Oxo-M) (Sigma) was made up as a 1 mM
stock and diluted (100 nM) on the day of experiment. SCH-23390 (Tocris
Bioscience) was made as 3 mM stock and diluted to 30 M. For ethanol
activation, 100% ethanol was added to the 20K solution to give a 200 mM
final concentration (EtOH density of 0.7893 g/ml). A ramp voltage protocol (⫺120 to ⫹50 mV) or continuous voltage protocol was used to
study Kir3 currents.
Analyses. Mean ⫾ SEM values are shown. For statistical analyses, Student’s t test ( p ⬍ 0.05) was used for comparison between two groups.
When appropriate, one-way ANOVA (Dunnett’s post hoc, p ⬍ 0.05) or
one-way ANOVA on ranks (Tukey’s post hoc, p ⬍ 0.05) was used for
comparison between multiple groups (SigmaStat 3.0; Systat Software,
San Jose, CA).

Results
NGF selectively upregulates Kir3.2c channels and other
essential proteins in the PTX-sensitive G-protein signaling
pathway
Previous studies have demonstrated that PTX-sensitive
G-protein subunits are upregulated in PC12 cells during NGFmediated differentiation (Asano et al., 1989). Because of the coupling of G␣o subunits with Kir3 channels (Leaney and Tinker,
2000; Ivanina et al., 2004; Clancy et al., 2005), we hypothesized
that Kir3 channels may be upregulated in NGF-differentiated
PC12 cells. To examine this, we used qRT-PCR, a very sensitive
method for quantifying mRNA levels in living cells. Previous
studies have demonstrated that ⬃85% of PC12 cells differentiate
with ⬎5 d NGF treatment, as measured by neurite outgrowth and
formation of synaptic-like vesicles (Lee et al., 2005). To ensure
that subsequent studies reflected a differentiated pool of cells,
PC12 cells were exposed to NGF for at least 7 d. After a 7 d
treatment with NGF (50 ng/ml), we examined mRNA levels for
different Kir3 channels using subunit-specific probes and rat
brain mRNA as a positive control. Kir2.1, Kir3.1, Kir3.2a,
Kir3.2b, Kir3.2c, Kir3.3, and Kir3.4 channel mRNA were all detected in rat brain, but only Kir2.1, Kir3.1, and the splice variant
Kir3.2c mRNA were expressed in both the undifferentiated and
NGF-differentiated PC12 cells (Fig. 1 A, B). Of these channels,
NGF treatment selectively increased the mRNA for Kir3.2c
(⫹5.2 ⫾ 1.2-fold), whereas no significant change in mRNA levels
was measured for Kir2.1 or Kir3.1 channels (Fig. 1 A, C) mRNA.
This finding suggests that NGF treatment leads to a selective increase in Kir3.2c gene expression.
We next investigated possible changes in mRNA levels for
other proteins in the PTX-sensitive GPCR signaling pathway.
Similar to previous studies (Asano et al., 1989), expression of the
PTX-sensitive G␣o subunit increased in NGF-differentiated cells
(⫹9.5 ⫾ 3.18-fold) (Fig. 1C). In contrast, we found that mRNA
for PTX-sensitive G␣i3 G-protein was not significantly altered by
NGF treatment (Fig. 1C), whereas the mRNA for the PTXinsensitive G␣q subunit significantly decreased (⫺2.9 ⫾ 0.53)
(Fig. 1C). In agreement with previous studies (Andreopoulos et
al., 1995), G␣s subunit expression was not significantly altered by
NGF treatment (Fig. 1C). Thus, NGF treatment increased mRNA
expression for both the Kir3.2c channel subunit and the PTXsensitive G␣o G-protein.
To further explore the regulation of the PTX-signaling complex by NGF, we used qRT-PCR to study the possible changes in
gene expression for the muscarinic receptors. The PTX-sensitive
G-protein-coupled m4 muscarinic receptor was shown previ-
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Figure 1. Quantitative increase in mRNA expression for m2 muscarinic receptors, G␣o G-proteins, and the splice variant Kir3.2c.
A, B, Bar graphs show the average of several (3– 4 separate RNA preparations) experiments in which the levels of mRNA for the
indicated Kir genes in control and NGF-differentiated PC12 cells were quantified using qRT-PCR. Control undifferentiated and
NGF-differentiated PC12 cells (A) and rat brain (B). Kir3.2a, Kir3.2b, Kir3.3, and Kir3.4 mRNAs were detected in rat brain but were
not evident in either control or NGF-differentiated PC12 cells. Kir3.1 and Kir2.1 mRNA levels were unchanged by NGF treatment.
Levels of RNA were normalized to ␤-actin [arbitrary units (AU)]. C, Bar graph shows the fold change in mRNA produced by NGF for
indicated genes. Genes required for Kir3 signaling, including m2 muscarinic receptor, G␣o G-protein and Kir3.2c were significantly
increased with NGF treatment, whereas mRNA for PTX-insensitive G␣q and the m1R were significantly decreased. Fold change in
gene expression was determined by dividing the mean expression for each gene analyzed for NGF-treated cells by non-NGFtreated cells. Relative gene expression changes between control and NGF-treated groups were analyzed using the mean ⫾ SEM
for three to four separate RNA preparations (*p ⬍ 0.05).

ously to be upregulated by NGF differentiation of PC12 cells (Lee
and Malek, 1998). We additionally demonstrated that NGF also
increased mRNA for the PTX-sensitive G-protein-coupled m2
muscarinic receptor (⫹4.4 ⫾ 0.7-fold) but significantly decreased mRNA for the PTX- insensitive G-protein-coupled m1R
(⫺4.2 ⫾ 0.7-fold) (Fig. 1C). Together, these findings demonstrate that NGF differentiation upregulates mRNA expression of
Kir3.2c channel subunits, in addition to the selective increase of
the PTX-sensitive G-protein signaling pathway (m2R, m4R,
G␣o).
Although mRNA levels were significantly affected by NGF, it
remained possible that changes at the protein level were unaltered by NGF-mediated differentiation. To examine this directly,
we performed Western blot analysis to determine whether NGF
7 d treatment increased the expression of Kir3 channel protein.
Whereas Kir3.1 channel protein changed little with NGF, the
levels of Kir3.2 channel protein increased significantly in NGFdifferentiated PC12 cells (Fig. 2 A). We then used immunocyto-

chemistry and confocal microscopy to determine the intensity and pattern of
protein expression throughout the cells.
Similar to the Western analysis, Kir3.1 total protein expression was not greatly affected by 7 d NGF differentiation (Fig.
2 B, C). In contrast, the intensity of Kir3.2
immunoreactivity increased after NGF
treatment (note that the channel is expressed predominantly in the soma of differentiated cells) (Fig. 2D,E). Thus, both qRTPCR and protein analysis indicated that
Kir3.2c but not Kir3.1 channels are upregulated in NGF-differentiated PC12 cells.
We next determined the cell protein
expression pattern for other proteins in
the PTX-sensitive GPCR signaling pathway. Immunoreactivity for PTX-sensitive
G␣o G-protein was also increased by NGF
treatment, although to a lesser extent than
Kir3.2: G␣o was expressed in both the neurites and soma (Fig. 2 F, G). Both m2 and
m4 muscarinic receptor immunoreactivity
increased after NGF differentiation. Similar to Kir3.2 channels, the receptors appeared to be expressed predominantly in
the cytoplasm and particularly around the
nucleus (Fig. 2 H–K ). Immunoreactivity
for the m1 muscarinic receptor, conversely, was reduced (Fig. 2 L, M ), consistent with the decrease in mRNA expression revealed by qRT-PCR analysis.
Together, these data suggest a selective
NGF-mediated upregulation of the PTXsensitive Kir3.2c channel signaling pathway and a decrease in the PTX-insensitive
G-protein pathway.

Absence of muscarinic receptoractivated Kir3.2 currents in NGFdifferentiated PC12 cells
The significant increase in the PTXsensitive G-protein/Kir3 channel signaling complex suggested that a large
muscarinic-activated Kir3 current would
be evident in NGF-differentiated PC12 cells. Whole-cell patchclamp recordings were used to examine this possibility in 7 d
NGF-differentiated PC12 cells. Figure 3A shows an example of a
typical 7 d NGF-differentiated PC12 cell, with a multipolar soma
and neurite extensions. Surprisingly, the muscarinic receptor agonist Oxo-M at 100 nM did not elicit a Kir3 channel response in
⬎50 recordings from 7 d NGF-differentiated PC12 cells or undifferentiated cells (Table 1, Fig. 3B). In fact Oxo-M concentrations up to 100 M did not elicit a Kir3 channel response (data not
shown; n ⫽ 4). In addition, 200 mM ethanol (a direct activator of
Kir3 channels) and 1 mM Ba 2⫹ (an inhibitor of Kir3) did not alter
the basal currents (Table 1, Fig. 3B), suggesting that Kir3 channels
were not expressed on the membrane surface. To attempt to rescue muscarinic receptor-activated Kir3 currents, 5 d NGFtreated PC12 cells were transiently transfected with m2 receptor
cDNA (along with yellow fluorescent protein cDNA) and visualized by fluorescence. Whole-cell recordings, however, did not
reveal detectable muscarinic receptor-activated currents or
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Ba 2⫹-dependent basal currents in these
transfected differentiated cells (Table 1,
Fig. 3C). One possible explanation for this
finding was that Kir3.2c and/or muscarinic receptors were tightly regulated and
not expressed on the plasma membrane.
To investigate this possibility, we examined the surface expression of Kir3.2 channels expressed in NGF-differentiated
PC12 cells.
To determine the surface expression of
Kir3.2c, we engineered an extracellular
HA epitope for detecting proteins expressed on the surface (Fig. 3D). This tag
does not interfere with Kir3.2a trafficking
or G␤␥ activation (Finley et al., 2004).
NGF-treated PC12 cells were transfected
with HA–Kir3.2c on day 5 and then cultured in NGF for an additional 48 h (7 d
treatment). Surprisingly, anti-HA immunocytochemistry with nonpermeabilized
PC12 cells revealed little or no surface expression of HA–Kir3.2c (Fig. 3E). Permeabilized PC12 cells, conversely, showed
robust immunostaining for HA–Kir3.2c,
indicating successful transfection and expression (Fig. 3F ). These data suggest that,
although Kir3.2c channels are expressed
in NGF-differentiated PC12 cells, maintenance of channels on the plasma membrane is somehow impaired, leading to the
absence of muscarinic-activated endogenous Kir3 responses. Similarly, endoge- Figure 2. NGF-mediated increase in protein for Kir3.2 channels, G␣o subunits, and m2 /m4 muscarinic receptors. Levels of
nous m2 and m4 muscarinic receptor im- protein for the indicated signaling molecules were studied by Western blot analysis and immunostaining in undifferentiated and
munoreactivity
appeared
to
be NGF-differentiated PC12 cells. A, Western blot analysis demonstrates the NGF-mediated increase in Kir3.2 channel protein in
predominantly in the cytoplasm of 7 d NGF-differentiated PC12 cells. Kir3.1 channel expression was not significantly effected by NGF treatment (middle). ␤-Actin
NGF-differentiated PC12 cells (Fig. 2H,I immunoblot (IB) (bottom) shows equal protein for the PC12 cell lysates. Mouse brain lysate (brain) was loaded onto each gel to
and J, K, respectively). Together, these demonstrate the correct size protein band for each respective protein. B–M, Immunostaining and confocal imaging demonstrates
studies suggest that, although the protein that Kir3.1 protein shows little or no increase after NGF treatment (B, C); in contrast, Kir3.2 protein shows a significant increase in
expression of the Kir3.2c channel and the expression (D, E). To a lesser extent, PTX-sensitive G␣o G-protein are increased after NGF treatment (F, G). Both m2 (H, I ) and m4
(J, K ) muscarinic receptors are increased with NGF treatment. Both m2 and m4 muscarinic receptor expression appear strikingly
muscarinic receptors (m2R/m4R) are in- cytoplasmic and perinuclear. L, M, m muscarinic receptor immunoreactivity
modestly decreases after NGF treatment. Scale bars,
1
creased in NGF-differentiated cells, sur- 20 m.
face expression is unexpectedly low.
To determine whether endogenous
Kir3 channels were capable of coupling to
tained elevated levels of acetylcholine. NGF-differentiated PC12
other GPCRs, we examined the effect of introducing the cDNA
cells can synthesize and release acetylcholine (Greene and Rein,
for the GABAB R1 and R2 receptor subunits into the NGF differ1977), which could lead to elevated levels of acetylcholine. Berentiated cells. Application of the GABAB agonist baclofen (100
nard et al. (2003) found that exposing the neurons to a nonselecM) elicited inwardly rectifying K ⫹ currents in NGFtive muscarinic receptor antagonist (atropine) prevented the
differentiated PC12 cells (Table 1) (baclofen-induced current,
translocation of endogenous muscarinic receptors from the cell
⫺19.8 ⫾ 4.0 pA/pF; n ⫽ 19). Thus, the upregulated Kir3.2 chansurface to the cytoplasm. We therefore next investigated whether
nels can functionally couple to a GPCR that couples to PTXatropine treatment of 7 d NGF differentiated PC12 cells would
sensitive G-proteins, suggesting a specific defect in the muscarescue plasma membrane expression of muscarinic receptors and
rinic receptor and Kir3.2 channel complex signaling pathway.
possibly Kir3 channels. Indeed, pretreatment of NGF differentiated PC12 cells for 2 h with atropine (100 M) “rescued” the
Atropine rescues muscarinic receptor and Kir3.2c expression
surface expression of ectopically expressed HA–Kir3.2c. Promiand functional coupling on the plasma membrane
nent cell surface staining for HA–Kir3.2c is now evident in nonWe next investigated whether the absence of measurable muscapermeabilized cells (Fig. 4 A). We also examined the effect of
rinic receptor-mediated Kir3.2 currents in NGF-treated cells reatropine pretreatment on endogenous m2 muscarinic receptor
sulted from a receptor/channel complex that was endocytosed,
and m4 muscarinic receptor expression patterns (Fig. 4 B, C, reimmediately after surface expression. Recently, Bernard et al.
spectively). Here, PC12 cells were permeabilized because the an(2003) found that muscarinic receptors were predominantly lotibody recognizes an intracellular epitope on the receptor. In
calized to the cytoplasm in neurons of a mouse mutant that con-

Clancy et al. • Coregulation of PTX-Sensitive Muscarinic Receptors and Kir3 Channels

J. Neurosci., June 13, 2007 • 27(24):6388 – 6399 • 6393

Figure 3. Upregulated m2 receptor/Kir3 channel complex is functionally silent in NGF-differentiated PC12 cells. A, Differential
interference contrast (DIC) picture of a typical NGF-differentiated PC12 cell. B, Representative example of an NGF-differentiated
PC12 cell in which muscarinic receptor agonist Oxo-M (100 nM) or ethanol (200 mM) did not elicit a Kir3 channel response. The Kir3
channel inhibitor Ba 2⫹ (1 mM) demonstrated no detectable Kir3.2 basal currents (n ⫽ 30). Current was measured at
⫺120 mV in voltage ramps and plotted as a function of time. C, Ectopic expression of m2 receptor did not rescue muscarinic
receptor/Kir3 signaling complex. Five day NGF-treated PC12 cells were transfected with m2 muscarinic receptor cDNA (1
g) and whole-cell recordings made 2 d later. Oxo-M (100 nM)-activated or Ba 2⫹-inhibited Kir3 currents were not
observed. D, Schematic shows topology and placement of extracellular HA epitope into the p-loop of Kir3.2c. E, Immunostaining for HA demonstrates that HA–Kir3.2c is undetectable on the plasma membrane of NGF-differentiated cells. F,
Detergent permeabilized cells exhibit strong cytoplasmic anti-HA immunoreactivity, demonstrating predominantly intracellular expression of HA–Kir3.2c.

Table 1. Summary of Kir3 currents in PC12 cells
NGF

Experimental condition

Agonist

Current density
(pA/pF)

n

% Kir3 response

⫺
⫹
⫹
⫹
⫹
⫹
⫺
⫹
⫹
⫹
⫹

No treatment
No treatment
No treatment
⫹m2R cDNA
⫹GABAB R1/R2 cDNA
⫹Atropine antagonist
⫹Atropine antagonist
⫹Atropine antagonist
⫹m2R antagonist
⫹m4R antagonist
⫹m1R/m3R antagonist

Oxo-M
Oxo-M
Ethanol
Oxo-M
Baclofen
Oxo-M
Oxo-M
Ethanol
Oxo-M
Oxo-M
Oxo-M

⫺0.29 ⫾ 0.06
⫺0.21 ⫾ 0.02
⫺0.19 ⫾ 0.04
⫺0.33 ⫾ 0.14
⫺19.8 ⫾ 4.0*
⫺16.1 ⫾ 4.0*
⫺0.38 ⫾ 0.12
⫺38.8 ⫾ 6.7*
⫺31.4 ⫾ 13.8**
⫺24.7 ⫾ 11.1**
⫺0.67 ⫾ 0.20**

19
56
30
4
19
43
19
34
16
16
16

0% (0/19)
0% (0/56)
0% (0/30)
0% (0/4)
68% (13/19)
65% (28/43)
0% (0/19)
61% (21/34)
56% (9/16)
44% (7/16)
0% (0/16)

Compiled data show PC12 cells grown in the absence or presence of NGF. Experimental conditions include transfection of cDNA for m2 muscarinic receptor
(⫹m2R), cDNA for GABAB R1 and R2 subunits, or exposure to the indicated muscarinic receptor antagonists. Endogenous Kir3 currents were tested for
activation with the muscarinic agonist Oxo-M (100 nM), the GABAB receptor agonist baclofen (100 M), or the G-protein-independent activator ethanol (200
mM). Current densities are mean ⫾ SEM for the total n at ⫺120 mV. Responses less than ⫺1 pA/pF were not considered significant. *indicates statistical
significance versus with NGF–no treatment group ( p ⬍ 0.05); **indicates statistical significance versus with NGF–m1 /m3 treatment group ( p ⬍ 0.05) (for
details, see Results).

contrast to NGF-differentiated PC12 cells
(no atropine), there now appears to be
plasma membrane staining for m2 or m4
muscarinic receptors in PC12 cells pretreated with atropine (Fig. 4 B, C), compared with primarily perinuclear staining
in controls (Fig. 2 I, K ). Together, these experiments show that inhibiting activation
of endogenous muscarinic receptors with
the nonselective antagonist atropine rescues both m2 and m4 muscarinic receptor
as well as HA–Kir3.2c channel plasma
membrane expression.
We next examined whether NGFdifferentiated PC12 cells pretreated with
atropine would now exhibit an endogenous muscarinic receptor-activated Kir3
current. Indeed, in NGF-differentiated
PC12 cells treated with atropine for 2 h,
Oxo-M (100 nM) elicited large inwardly
rectifying Kir3 currents (Table 1, Fig.
4 D, E). Note the rapid activation kinetics
in the Oxo-M-induced current (Fig. 4 E),
suggesting that most of the functional Kir3
channels lack the Kir3.1 subunit and
therefore likely exist as Kir3.2c homotetramers (Slesinger et al., 1996). To confirm
that the muscarinic-activated current was
mediated by Kir3 channels, we investigated the effect of the D 1 dopamine
receptor antagonist SCH-23390 [(R)(⫹)-7-chloro-8-hydroxy-3-methyl-1phenyl-2,3,4,5-tetrahydro-1 H-3-benzazepine hydrochloride], which selectively
blocks endogenous Kir3 channel conductance but does not inhibit members of the
closely related Kir2 family of inwardly rectifying potassium channels (Kuzhikandathil and Oxford, 2002). SCH-23390 (30
M) completely inhibited the Oxo-Mactivated current (Fig. 4 F), further substantiating muscarinic activation of endogenous Kir3 channels in the PC12 cells.
Furthermore, ethanol-activated Kir3.2
currents (⫺38.8 ⫾ 6.7 pA/pF; n ⫽ 21)
were now evident from NGF-differentiated PC12 cells treated with atropine.
Muscarinic-activated and ethanol-activated Kir3 currents were observed in
⬃50 – 60% of the cells (Table 1, Fig. 5).
This finding adds support to the possibility of Kir3 channel and muscarinic receptor coregulation. The lack of response may
reflect different degrees of NGF-mediated
differentiation and/or m2/m4 muscarinic
receptor/Kir3 channel trafficking. In contrast to the NGF-differentiated PC12 cells,
however, muscarinic-activated Kir3 currents were not observed in undifferentiated PC12 cells pretreated for 2 h in atropine (Table 1). Thus, expression of the
Kir3 channel–PTX-sensitive complex oc-
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curs only in NGF-differentiated cells, after
upregulation of the channels and
receptors.
To provide additional evidence that m2
muscarinic receptors were expressed at
low levels before atropine treatment, we
investigated the surface expression of the
m2 receptor using TIRF microscopy. TIRF
allows visualization of proteins in the
plasma membrane and submembrane regions of a depth of ⬃100 nm only (Axelrod et al., 1983). In NGF-differentiated
PC12 cells transfected with m2 receptor
fused to CFP, m2–CFP could be visualized
by epifluorescence but not by TIRF (Fig.
6 A). Treating the cells for 2 h in atropine,
however, led to dramatically increased levels of fluorescence using TIRF microscopy
(Fig. 6 A). Quantitation of the levels of fluorescence on the plasma membrane revealed a significant increase in surface expression of m2 muscarinic receptors after
atropine treatment (Fig. 6C). Interestingly, coexpression of both Kir3.2c channel and m2–CFP receptor did not lead to
surface expression of m2 muscarinic receptors in the absence of atropine (Fig.
6C).
One possible mechanism to explain the
lack of both the m2 muscarinic receptors
and Kir3.2c channels is that chronic stimulation of muscarinic receptors causes endocytosis of the m2 receptor/channel Figure 4. Muscarinic receptor antagonists rescue Kir3 signaling in NGF-differentiated PC12 cells. A, NGF-differentiated PC12
complex. To explore this further, we ex- cells transfected with HA–Kir3.2c were treated with atropine (100 M for 2 h) and immunostained with anti-HA antibodies
amined the effect of pharmacologically without permeabilization. Note prominent surface expression of HA–Kir3.2c (arrows). B, NGF-differentiated PC12 cells were
disrupting endocytosis with wortmannin, treated with atropine (100 M for 2 h), permeabilized, and immunostained with anti-m2 muscarinic receptor antibodies. Immuan inhibitor of phosphatidylinositol nostaining shows both surface and intracellular expression for the m2 muscarinic receptor, in contrast to m2 receptor expression in
3/phosphatidylinositol 4 kinases and en- untreated NGF-differentiated cells (Fig. 2 H). C, Immunostaining with anti-m4 antibody after treatment with atropine. m4 musdocytosis. NGF-differentiated PC12 cells carinic receptors are expressed on processes in atropine-treated cells. Cells were permeabilized. D, Representative whole-cell
were transfected with cDNA for the m2– current recording from NGF-differentiated PC12 cell treated with atropine. Atropine was removed from treated cells just before
recording. Plot shows current at ⫺120 mV in extracellular 20K (basal), 20K plus Oxo-M (100 nM; Oxo), or 20K plus Oxo (100 nM) plus
CFP receptor and exposed to wortmannin atropine (1 M). Note large muscarinic receptor-activated endogenous Kir3 current with Oxo-M. E, Current response elicited by
(10 M) for 2 h at 37°C. Using TIRF mi- voltage steps from ⫺120 to ⫹30 mV (holding potential was 0 mV). Trace shows the difference between with Oxo-M (100 nM) and
croscopy, the levels of m2–CFP receptor basal (20K). The current–voltage plot shows the current level at the beginning (f) and end (䡺) of the voltage step. Note the
expressed on the plasma membrane were strong inward rectification, presence of fast activation kinetics, and zero-current potential near EK (⫺50 mV). F, Muscarinicsignificantly increased above control cells activated currents are mediated by endogenous Kir3 channels. Representative whole-cell recording from NGF-differentiated PC12
and similar to atropine-treated cells (Fig. cells treated with atropine. Plot shows current at ⫺120 mV with Oxo (100 nM)-activated currents in the absence or presence of
6 B, C). Although GPCRs are well known SCH-23390 (30 M), a selective inhibitor of Kir3 channels (Kuzhikandathil and Oxford, 2002).
for their ability to undergo endocytosis
cannot completely rule out the possibility that these antagonists
during chronic stimulation, the concomitant loss of the effector,
may exhibit some cross-reactivity (Dei et al., 1996).
Kir3 channels, on the plasma membrane surface was unexpected
Like atropine, a 2 h pretreatment with either the m2 musca(see Discussion).
rinic receptor antagonist AF-DX116 or the m4 muscarinic receptor antagonist tropicamide rescued m2 and m4 muscarinic recepBoth natively expressed m2 and m4 muscarinic receptors
tor plasma membrane expression, respectively (Fig. 7 A, B).
complex with Kir3.2 channels
Similarly, NGF-differentiated PC12 cells transfected with HA–
To further characterize the rescue of the muscarinic receptor/
Kir3.2c and pretreated with AF-DX116 (100 nM) or tropicamide
Kir3.2c complex, we examined the effect of specific muscarinic
(200 nM) for 2 h rescued HA–Kir3.2c plasma membrane expresreceptor antagonists. Seven day NGF-differentiated PC12 cells
sion (Fig. 7C–E).
were pretreated with either 100 nM of the m2 muscarinic receptor
We then used whole-cell patch clamp to measure the freantagonist AF-DX116 (Waelbroeck et al., 1990) or 200 nM of the
quency and amplitude of Oxo-M-activated currents in cells prem4 muscarinic receptor antagonist tropicamide (Lazareno et al.,
treated (2 h) with each selective muscarinic receptor antagonist.
1993). Based on previous studies, these concentrations selectively
The m2 muscarinic receptor antagonist AF-DX116 (100 nM) and
inhibited each muscarinic receptor subtype studied (Waelbroeck
the m4 muscarinic receptor antagonist tropicamide (200 nM)
et al., 1990; Lazareno et al., 1993; Shi et al., 1999). However, we
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expression and functional coupling of both the muscarinic receptors and Kir3 channels.

Figure 5. Summary of oxotremorine-M responses in NGF-differentiated PC12 cells. Cumulative plot shows current density for Oxo-M-activated currents in control and atropine-treated
NGF-differentiated PC12 cells for each cell. Functional coupling was observed in ⬃50% of
NGF-differentiated PC12 cells (n ⫽ 43). Control cells did not demonstrate a detectable muscarinic receptor-mediated Kir3 current (n ⫽ 26). No detectable Oxo-M-activated (100 nM) Kir3
currents were observed in control (n ⫽ 19) and atropine-treated (n ⫽ 19) undifferentiated
PC12 cells (Table 1). Thus, surface expression of the GPCR/Kir3 channel complex occurs only in
atropine-treated NGF-differentiated cells.

both rescued endogenous muscarinic receptor-activated Kir3
currents (Table 1, Fig. 7F ). Like atropine, Oxo-M activation of
Kir3 channels was evident in ⬃50% of the cells analyzed (Fig.
7F ), suggesting a similar GPCR-mediated plasma membrane surface regulatory mechanism. In contrast, 2 h pretreatment with
antagonists for both m1/m3 muscarinic receptors (Shi et al.,
1999) did not rescue Oxo-M-activated Kir3 currents (Table 1,
Fig. 7F ). Together, these findings implicate the existence of an
endogenous Kir3.2c channel–PTX-sensitive muscarinic receptor
signaling complex, whose expression levels on the surface are
regulated by the extent of cholinergic activity.
Having ascertained that both m2 and m4 muscarinic receptor
antagonists rescue HA–Kir3.2c channel plasma membrane expression and importantly endogenous Kir3 channel activation,
we next investigated which PTX-sensitive muscarinic receptor
couples to the natively expressed Kir3 channels. Whole-cell
patch-clamp studies on atropine rescued 7 d NGF-differentiated
PC12 cells demonstrated that Oxo-M-activated currents were inhibited by ⬃40% by the selective m2 muscarinic receptor antagonist AF-DX116 (100 nM); total inhibition was evident when the
selective m4 muscarinic receptor antagonist tropicamide (200
nM) was applied in combination (Fig. 8 A, B). These data suggest
that both m2 and m4 muscarinic receptors couple with Kir3.2c
channels in 7 d NGF-differentiated PC12 cells.

Discussion
We used NGF-differentiated PC12 cells to study the regulation of
natively expressed Kir3 channels and muscarinic GPCRs. Two
significant new insights into the regulation of Kir3 channels were
discovered in these model neurons. First, NGF treatment increases mRNA and protein levels for a subset of Kir3 channels,
the splice variant Kir3.2c, as well as the requisite proteins for
forming a Kir3 signaling complex (G␣o and m2/m4 muscarinic
receptors). Second, stimulation of endogenous PTX-sensitive
m2/m4 muscarinic receptors appears to self-regulate the surface

NGF-dependent upregulation of PTX-sensitive G␣o Gproteins, muscarinic receptors, and Kir3 channels
To date, most studies investigating ion channel regulation have
relied on heterologous expression systems (i.e., HEK-293 cells
and Xenopus oocytes), in which proteins are ectopically expressed
at high levels. The regulation of neuronal Kir3 channels is not well
understood. Studies in rat brain demonstrated that chronic electroconvulsive shock increases Kir3.2a expression (Pei et al.,
1999), and the corticosteroid dexamethasone increases Kir3.1
and Kir3.3 expression in the rat semicircular canal (Pondugula et
al., 2006). Here, we demonstrate that muscarinic receptors, G␣o
G-proteins, and Kir3.2c channels are upregulated in NGFdifferentiated PC12 cells. NGF-differentiated PC12 cells are a
well established model for studying the regulation of native gene
expression (Vaudry et al., 2002; Katoh and Negishi, 2003; An and
Almers, 2004; Darios and Davletov, 2006). Elucidating the mechanism of transcriptional control of proteins in the Kir3 signaling
complex may be now more feasible with the PC12 cell system.
The selective increase of the m2R/Kir3.2c signaling proteins
suggests that receptor activation of Kir3.2c channels may serve an
important function for mature neurons. Many mature neurons
express Kir3.2c along with other Kir3 subunits. For example,
RT-PCR indicates that Kir3.2c is coexpressed with Kir3.1/
Kir3.2a/Kir3.3 subunits in hippocampus (Leaney, 2003). In dopamine neurons, only Kir3.2a and Kir3.2c are expressed in substantia nigra (Inanobe et al., 1999b) while Kir3.2c is coexpressed
along with Kir3.3 in ventral tegmental area (Cruz et al., 2004).
The selective increase in Kir3.2c is intriguing. Kir3.2c contains a
C-terminal PDZ [postsynaptic density-95 (PSD-95)/Discs large/
zona occludens-1]-binding motif, which interacts with the
PSD-95 family of membrane-associated guanylate kinases
(MAGUKs) proteins (Inanobe et al., 1999b) and sorting nexins
(Lunn et al., 2006). The MAGUK family of proteins act as molecular scaffolds that regulate the assembly of multiprotein signaling
complexes in the postsynaptic density of excitatory synapses
(Kim and Sheng, 2004). Synapse-associated protein-97, a PDZcontaining protein, is endogenously expressed in PC12 cells (Wu
et al., 2002) and could be involved in stabilizing the postsynaptic
expression of Kir3 channels. The selective upregulation of Kir3.2c
could be required for appropriate subcellular targeting of Kir3
channels in PC12 cells.
The coincident increase in protein expression of Kir3.2c, G␣o,
and the muscarinic receptor in NGF-differentiated PC12 cells
raises the possibility that expression and functional coupling may
require the PTX-sensitive G␣o subunit. Consistent with this idea,
we previously demonstrated that G␣o interacts directly with Kir3
channels and that mutating the G␣o binding site interferes with
Kir3 trafficking to the plasma membrane (Clancy et al., 2005),
suggesting the formation of a PTX-sensitive Kir3 channel membrane signaling complex. Furthermore, other studies have demonstrated association between Kir3 channels and different types
of GPCRs (Lavine et al., 2002; David et al., 2006; Fowler et al.,
2007). However, Kir3 channels can also couple with other G␣
G-proteins, which are expressed in PC12 cells (Fig. 1) (Asano et
al., 1989; Leyte et al., 1992). Although tempting to speculate,
future studies are required to further examine the role of the
NGF-mediated upregulation of G␣o in formation of a Kir3 signaling complex.
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Implications of sequestered GPCR/Kir3
channel signaling complexes
The absence of muscarinic-activated Kir3
currents in NGF-differentiated PC12 cells
was unexpected. Treatment with atropine,
however, led to robust expression of muscarinic receptor and GPCR independent
ethanol activated Kir3 currents. Ectopic
expression of either Kir3.2c or m2 muscarinic receptor failed to recover
muscarinic-activated Kir3 currents. Thus,
ectopically and endogenously expressed
channels and receptors in NGFdifferentiated PC12 cells were subjected to
the same regulatory mechanism. Immunostaining of the NGF-differentiated
PC12 cells transfected with HA-tagged
Kir3.2c revealed undetectable levels of
Kir3.2c channels on the membrane surface, indicating that the lack of Kir3
currents was attributable to a defect in
trafficking and not G-protein gating.
An explanation for the loss of m2 receptor/Kir3 complexes may be that muscarinic receptors and Kir3 channels are sequestered in cytoplasmic compartments.
In a mouse mutant containing reduced
acetylcholinesterase activity, which increased levels of ambient acetylcholine,
muscarinic receptors were expressed in
the cytoplasm instead of on the plasma
membrane (Bernard et al., 2003). NGF- Figure 6. Muscarinic receptor antagonist atropine or endocytosis inhibitor wortmannin promotes surface expression of m
2
differentiated PC12 cells synthesize and muscarinic receptors. A, NGF-differentiated PC12 cells transfected with m R–CFP cDNA or m R–CFP and Kir3.2c cDNAs were either
2
2
release acetylcholine (Greene and Rein, untreated or exposed to atropine (100 M) for 2 h at 37°C. The same cell was imaged under epifluorescence and TIRF to visualize
1977), which could lead to elevated levels the expression of m2R–CFP in the cytoplasm and membrane surface, respectively. Images adjusted to the same fluorescence
of acetylcholine. In response to sustained intensity scale. B, NGF-differentiated PC12 cells transfected with m2R–CFP cDNA were either untreated or exposed to wortmannin
agonist stimulation, m2 and m4 musca- (10 M) for 2 h at 37°C. C, Mean fluorescence measured under TIRF is shown for two different experiments: control (n ⫽ 23), plus
rinic receptors undergo desensitization, atropine (n ⫽ 20) and plus Kir3.2c (n ⫽ 10), and control (n ⫽ 17) or plus wortmannin (n ⫽ 14). Both atropine and wortmannin
which involves dynamin-dependent path- treatment led to significant increases in m2R–CFP expression on the plasma membrane (*p ⬍ 0.05, Student’s t test; **p ⬍ 0.05,
ways and either clathrin-independent or one-way ANOVA with Dunnett’s post hoc). Fluorescence measured for m2R-CFP alone [⬃5 arbitrary units (AU)] could be from
cytoplasmic or membrane receptors. In addition to TIRF microscopy, mean CFP fluorescence was measured using epifluorescence
clathrin-dependent processes, respecillumination [atropine experiment: 8.6 ⫾ 1.9 AU for control, 15.2 ⫾ 2.3 AU for plus atropine, and 7.3 ⫾ 1.9 AU for plus Kir3.2c
tively (Volpicelli et al., 2001; Delaney et al., cDNA; wortmannin experiment: 4.2 ⫾ 0.6 AU for control and 12.8 ⫾ 3.2 AU for plus wortmannin].
2002). Although the two pathways are separate initially, they likely merge in sorting
muscarinic receptors. However, the inability of the m1 and m3
endosomes (Delaney et al., 2002). With chronic stimulation,
receptor-specific antagonists to rescue muscarinic receptormuscarinic receptors accumulate within the endoplasmic reticuactivated Kir3.2 currents suggests that this assembly of receptors
lum and Golgi complex and are almost completely depleted on
is unlikely in NGF-differentiated PC12 cells.
the cell membrane (Liste et al., 2002; Bernard et al., 2003). We
Although expression of m2/m4 receptors and Kir3.2 channels
propose that NGF-differentiated PC12 cells are persistently stimin
NGF-differentiated
PC12 cells is predominantly intracellular,
ulated by endogenously released acetylcholine. Accordingly,
we
cannot
rule
out
the
possibility that plasma membrane exprestreatment with the nonselective muscarinic-receptor antagonist
sion
of
the
muscarinic
receptors and/or Kir3.2c channel was too
atropine, as well as the m2 or m4 receptor antagonists, revealed
low
to
be
detected
by
immunostaining
or electrophysiology. In
cell membrane expression of the m2/m4 muscarinic receptors and
fact,
a
small
and
transient
reserve
of
PTX-sensitive
m2/m4 musKir3 channels. Furthermore, experiments with wortmannin, an
carinic receptors on the cell surface may be needed for the musinhibitor of endocytosis, are consistent with this finding.
carinic receptor antagonists to inhibit activation from endogApproximately 50% of the NGF-differentiated cells reenously released acetylcholine. Alternatively, the muscarinic
sponded to atropine treatment. Similarly, ⬃40% of cell surface
receptor antagonists may permeate the cell membrane and act as
muscarinic receptor expression is recovered 2 h after removal of
a “pharmacochaparone” (Wuller et al., 2004) to increase GPCRmuscarinic agonist (Delaney et al., 2002). Thus, NGFKir3.2 trafficking from the cytoplasm the cell surface. After the
differentiated PC12 cells likely represent a heterogeneous popureduction in cholinergic activation, fewer muscarinic receptor/
lation of neurons. Interestingly, Goin and Nathanson (2006)
Kir3 channel complexes internalize and/or other receptor/Kir3
have demonstrated in JEG-3 cells the existence of heterochannel complexes are retargeted from endosomal compartoligomeric m2–m4 complexes, containing the m3 and/or the m1
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channels (Shui et al., 2001). A similar
mechanism of dual regulation of N-type
voltage-gated Ca 2⫹ channels and opioid
receptor-like receptors 1 was recently reported; agonist stimulation triggered the
vesicular internalization of the both the
receptor and Ca 2⫹ channel in rat dorsal
root ganglion cells, providing a key mechanism for regulating Ca 2⫹ channel activity (Altier et al., 2006). This novel form of
dual regulation raises interesting questions for muscarinic receptors and Kir3
channels. First, is channel activity required for dual regulation? This is unlikely, because PTX treatment only delays
but does not prevent receptor internalization (Roseberry et al., 2001). Second, does
muscarinic receptor-mediated endocytosis affect other effectors? The agonistinduced internalization of the m2/m4 receptors could lead to a decrease in the
potency of a muscarinic-dependent inhibition of adenylyl cyclase (Rousell et al.,
1997; Goin and Nathanson, 2006). Interestingly, previous studies in PC12 cells
have demonstrated enhanced cAMP accumulation by muscarinic agonist stimulation (Pinkas-Kramarski et al., 1992).
Physiological significance of
coregulated muscarinic receptors and
Kir3 channels
Our study illustrates a novel dynamic and
adaptive mechanism for regulating neuronal Kir3 signaling. The PTX-sensitive
muscarinic receptor-mediated internalization of Kir3.2c could represent an important pathway for self-regulating physiological responses according to the
neurochemical environment. NGF enFigure 7. Selective inhibition of m2 or m4 muscarinic receptors rescues Kir3 signaling in NGF-differentiated PC12 cells. Immu- hances the release of acetylcholine from
nostaining studies revealed that 2 h pretreatment with either the m2 muscarinic-receptor antagonist (100 nM) AF-DX116 (A) or the
rat hippocampal synaptic terminals,
m4 muscarinic-receptor antagonist tropicamide (200 nM) (B) rescued m2 and m4 muscarinic receptor plasma membrane expreswhereas cholinergic neuronal activity regsion, respectively. C–E, NGF-differentiated PC12 cells transfected with HA–Kir3.2c and incubated for 2 h in the m2 muscarinic
antagonist (AF-DX116) or the m4 muscarinic antagonist (tropicamide). Each muscarinic receptor antagonist pretreatment resulted ulates the level of NGF release (Knipper et
in surface expression of HA–Kir3.2c. F, Cumulative plot shows current density for Oxo-M-activated currents in m2-antagonist- al., 1994). This reciprocal regulation of
treated, m4 antagonist-treated, or m1/m3 (pirenzipine, 4-DAMP)-treated NGF-differentiated PC12 cells. Both the m2 muscarinic acetylcholine and NGF in the brain may
receptor antagonist and the m4 muscarinic receptor antagonist treatments led to significant muscarinic receptor-activated Kir3 allow the two ligands to cooperatively
currents compared with m1/m3 antagonists treatment ( p ⬍ 0.05, one-way ANOVA on ranks followed by Tukey’s post hoc test). control physiological actions such as neuConversely, m1/m3 muscarinic receptor antagonist did not rescue muscarinic-activated Kir3 currents. Current densities for m2 ronal survival. Cholinergic neurons innerantagonist treatment were ⫺31.4 ⫾ 13.8 pA/pF (n ⫽ 16), for m4 antagonist treatment ⫺22.3 ⫾ 7.7 pA/pF (n ⫽ 16), and for vate cerebral cortex during the most dym1/m3 antagonists treatment ⫺0.69 ⫾ 0.24 pA/pF (n ⫽ 16).
namic period of neuronal differentiation
and synapse formation (Hohmann and
ments to the cell membrane (supplemental Fig. S1, available at
Berger-Sweeney, 1998), and acetylcholine gradients can direct
www.jneurosci.org as supplemental material).
the growth of neuronal growth cones via changes in intracellular
Use of selective muscarinic receptor antagonists demonCa 2⫹ (Zheng et al., 1994). Removal of the GPCR/Kir3.2c channel
strated that the same m2/m4 muscarinic receptor family that accomplex from the membrane surface would prevent a long-term
tivates Kir3 channels also regulates Kir3 channel expression on
reduction in excitability from occurring, which could interfere
the plasma membrane. These findings suggest that Kir3 channel
with synaptogenesis or neurite growth (Samsonovich and Ascoli,
cell membrane expression is regulated by both G-proteins and
2006). Finally, the situation of persistently stimulated muscarinic
endocytosis via activation of the GPCR. Trafficking of the Kir3
receptors observed with PC12 cells may also exist in the brain. In
channel with the muscarinic receptor was unexpected; for examaddition to synaptically released acetylcholine, diffuse transmisple, carbachol stimulation of muscarinic receptors in atrial myosion of acetylcholine occurs, which leads to elevated levels of
cytes decreased levels of surface receptors but not Kir3.1/3.4
extracellular acetylcholine (Descarries et al., 1997). This pathway
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Figure 8. Both m2 and m4 muscarinic receptors couple with endogenous Kir3 channels. A,
Whole-cell current recording from NGF-differentiated PC12 cells pretreated with atropine (100
M for 2 h). Oxo-M (100 nM) activates endogenous Kir3 current and is partially inhibited by
(⬃40%) the selective m2 muscarinic receptor antagonist AF-DX116 (100 nM) and completely
inhibited with coapplication of both m2 (AF-DX116, 100 nM) and m4 (tropicamide, 200 nM)
muscarinic receptor antagonists. B, Bar graph shows the percentage of Oxo-M (100 nM)mediated response current remaining after either two consecutive Oxo-M pulses (which shows
some desensitization), a selective m2 muscarinic receptor antagonist AF-DX116 (100 nM), or
coapplication of the both m2 and m4 muscarinic receptor antagonists (n ⫽ 8).

for controlling Kir3 signaling could be one way to limit the potential harmful effects of excessive Kir3 channel activity in the
brain.
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