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SUMMARY

Modulation of the inwardly rectifying potassium channel (IRK1)
by the m1 muscarinic receptor was studied with the whole-cell
patch-clamp recording technique with the use of a mammalian
expression system. After transfection with IRK1 and m1 mus-
carinic receptor genes, tsA cells expressed a cesium-sensitive
inwardly rectifying potassium conductance that was reduced
on application of the muscarinic receptor agonist carbachol.
This reduction was reversible on washout of carbachol and
could be completely inhibited by the muscarinic receptor an-
tagonist atropine. Conversely, stimulation of the m2 muscarinic
receptor, when coexpressed with IRK1, resulted in no change
in IRK1 current amplitude. Phorbol-12,13-dibutyrate, an activa-
tor of protein kinase C (PKC), mimicked the effect of m1 mus-
carinic receptor stimulation by inhibiting the IRK1 conductance.

Preincubation with staurosporine or the specific PKC inhibitor
calphostin C, before application of carbachol, fully prevented
the inhibition of IRK1 by m1 muscarinic receptor stimulation.
Administration of 8-bromo-cAMP, an activator of protein kinase
A, and thapsigargin, a stimulator of intracellular calcium re-
lease, had no effect on IRK1, suggesting that these second
messengers were not involved in the m1 muscarinic receptor-
induced response. Therefore, the data indicate that the m1
muscarinic receptor inhibits IRK1, presumably via stimulation of
PKC. As IRK1 is widely distributed throughout the central ner-
vous system, it is possible that such an action on IRK1 under-
lies the inhibitory effects of muscarinic receptor stimulation on
inwardly rectifying potassium conductances observed in the
brain.

Inwardly rectifying potassium channels play a major role
in maintaining the membrane potential of cells near the
potassium equilibrium potential and in permitting long de-
polarizations in excitable cells due to the inward rectification
at depolarized potentials (1). Therefore, modulation of these
channels will have a profound effect on the excitability of the
cell. Modulation of inwardly rectifying potassium conduc-
tances by muscarinic receptors has been the focus of many
studies. In particular, the stimulation of an inward rectifier
(Ixacn) by the m2 muscarinic receptor in heart has been
studied in detail (for reviews, see Refs. 1-6). This action is
believed to be due to a direct effect of heterotrimeric G pro-
tein By subunits acting on the channel (7-9). However, mus-
carinic receptor activation has also been observed to cause
inhibition of inwardly rectifying potassium conductances in
central neurons (10, 11).

In 1993, the first mammalian inwardly rectifying potas-
sium channels ROMKI1 (12) and IRK1 (13) were cloned. IRK1
was expression cloned in Xenopus oocytes from RNA derived
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from mouse macrophages. This channel has been shown to be
present throughout the nervous system and is abundant in
both heart and brain (13, 14). However, IRK1 was shown not
to be modulated by GTPyS and thus it was thought unlikely
to represent the muscarinic receptor-stimulated potassium
channel I o¢;, in heart (13). Another inwardly rectifying
potassium channel cloned from heart, known as GIRK1 (15)
or KGA (16), was subsequently shown to be the channel that
could be activated by the m2 muscarinic receptor.

As GIRK1 requires muscarinic receptor stimulation to be
active, it is unlikely that GIRK1 represents the inwardly
rectifying potassium channel inhibited by muscarinic recep-
tors. On the other hand, IRK1 is normally active under
control conditions and therefore is a likely candidate for this
effect. In the current study, I investigated the effects of
muscarinic receptor stimulation on IRK1.

There are five different subtypes of muscarinic receptor
(m1-mb5) (for reviews, see Refs. 17-20). m2 and m4 activate
inwardly rectifying potassium conductances (15, 16, 21) and
inhibit cAMP formation. m1, m3, and m5 have been shown to
activate phospholipase C, resulting in formation of InsP; and
DAG. DAG stimulates PKC activity, whereas InsP triggers

ABBREVIATIONS: IRK, inwardly rectifying K* channel; InsP;, inositol trisphosphate; DAG, diacylglycerol; PKC, protein kinase C; PKA, protein
kinase A; HEPES, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid; PDBu, phorbol-12,13-dibutyrate; EGTA, ethylene glycol bis(B-aminoethyl
ether)-N,N,N’',N’'-tetraacstic acid; I an, muscarinic receptor-activated, inwardly rectifying potassium channel.
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release of calcium from intracellular stores. Arachidonic acid,
a metabolite of DAG, is also released on stimulation of these
muscarinic receptors. m1l, m3, and m4 have been shown to
stimulate cAMP formation in some cells (22, 23). The m1l
muscarinic receptor was therefore chosen for study as a rep-
resentative receptor capable of activating a wide variety of
second messengers.

Materials and Methods

Transfection of tsA cells. tsA cells were grown in 35-mm dishes
at 37° in 6% CO, and in Dulbecco’s modified Eagle’s medium with
10% fetal bovine serum. The cells were transiently transfected with
10 ug of human m1 or m2 and 10 ug of mouse IRK1 plasmid DNA by
the calcium phosphate precipitation method (24). m1 and m2 were
inserted into the vector pcD as reported previously (25). IRK1 was
inserted into the vector pcDNA1 (Invitrogen) as reported previously
(13). The cells were recorded from 2-3 days after transfection.

Muscarinic receptor binding assay. Cells were harvested, re-
suspended, and homogenized in 25 mM sodium phosphate buffer
with 5§ mM MgCl,. Binding assays were initiated by the addition of
800 pl of membranes to 50 ul of atropine or buffer and 50 ul of
[®HIN-methylscopolamine (85 Ci/mmol, DuPont-NEN). The mem-
branes were incubated for 1 hr at room temperature. Nonspecific
binding was determined with 1 uM atropine.

Electrophysiology. The whole-cell patch-clamp recording tech-
nique was performed at room temperature (21-23°) with a LIST
EPC-7 patch-clamp amplifier. Cells were visualized with the use of
an inverted phase contrast microscope (AXIOVERT 100) at a mag-
nification of 200X. Patch electrodes were pulled from thin wall
borosilicate glass capillary tubing on a three-stage horizontal puller
(Mecanex BB.CH.PC, Basel, Switzerland) and had resistances of ~5
MQ. Currents were filtered at 1 KHz, digitized through a DMA
interface analog/digital converter (MIO, National Instruments, Aus-
tin, TX), and sampled at 2 KHz by a Macintosh Quadra 800 computer
with the use of Axodata software (Axon Instruments, Foster City,
CA).

Cells were voltage-clamped at a holding potential of —60 mV, and
the currents evoked by a series of depolarizing steps were recorded.
Current-voltage relationships were constructed from the currents
measured at the end of 200-msec steps from —160 mV to 50 mV in
10-mV increments with the use of Axograph (Axon Instruments).
Carbachol was applied with a low pressure ejection system from a
micropipette placed close to the cell. Drugs were applied directly to
the bath and were washed out by perfusion of extracellular solution
(2 ml/min). Results are expressed as mean *+ standard error.

Solutions and drugs. The extracellular recording solution con-
sisted of 150 mM NaCl, 5§ mM KCl, 2 mM CaCl,, 1 mm MgCl,, 5 mM
HEPES, and 20 mM glucose, pH adjusted to 7.4 with 1 M NaOH. The
osmolarity of the solution was adjusted to 326-330 mmol/kg. The
intracellular patch pipette solution contained 150 mM K-gluconate, 2
mM MgCl,, 1.1 mM EGTA, 0.1 mMm CaCl,, 5 mm HEPES, 5 mM
Mg-ATP, and 0.1 mM Li-GTP, pH adjusted to 7.2 and osmolarity
adjusted to 315-320 mmol/kg.

PDBu, carbachol, staurosporine, and atropine were obtained from
Sigma Chemical Co. (St. Louis, MO); 1,2-dioctanoylglycerol from
Molecular Probes (Eugene, OR); and calphostin C and thapsigargin
from RBI (Natick, MA).

Resuits

IRK1 and muscarinic receptor expression in tsA
cells. The modulation of the mouse inwardly rectifying po-
tassium channel IRK1 by the human m1 and m2 muscarinic
receptors was studied by expression of the proteins in the
human embryonic kidney cell line tsA 201. The tsA cells had
been modified by stable transfection with a simian virus 40
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temperature-sensitive T-antigen as described previously
(26). Before transfection, tsA cells showed little inward cur-
rent and displayed a large outward, TEA-sensitive potassium
conductance (Fig. 1A). This conductance had the slow activa-
tion rate characteristic of the delayed rectifier-type potas-
sium channel (Fig. 1B). Application of carbachol to control
cells transfected with m1 muscarinic receptor alone resulted
in a reduction of outward current but no change in the leak
conductance measured from —130 to —70 mV (Fig. 1C). Mus-
carinic receptor expression was confirmed by [*H]N-methyl-
scopolamine binding to m1- and m2-transfected cells. Bind-
ing sites were increased from 4.4 * 0.3 (six experiments)
fmol/mg protein before transfection to 835 *+ 191 (six exper-
iments) fmol/mg protein 2 days after transient transfection
with the m1 muscarinic receptor and from 2.9 * 0.6 (three
experiments) fmol/mg protein before transfection to 605 *+ 24
(three experiments) fmol/mg protein 2 days after transient
transfection with the m2 muscarinic receptor. Binding was
reduced to control levels in assays incubated with 1 uM atro-
pine (nine experiments), indicating successful high level
muscarinic receptor expression.

Transfection of the tsA cells with the inwardly rectifying
potassium channel IRK1 resulted in expression of a large
inward conductance (Fig. 2) closely resembling currents ob-
served with expression of IRK1 in Xenopus oocytes (13). The
inward current reversed at —60 * 3 mV (21 experiments)
and was completely inhibited by 1 mM cesium (Fig. 2A).
Subtraction of cesium-inhibited currents from control cur-
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Fig. 1. tsA cells express little inward current before transfection and
display an outward delayed rectifier-type potassium conductance. A,
Current-voltage curve constructed from measurements taken at the
end of 200-msec steps from a holding potential of —60 mV to a variety
of test potentials in control (®) and after application of 50 um carbachol
from a pressure ejection pipette (). B, Superimposed current traces
from a cell in control conditions at a holding potential of —60 mV with
steps shown from —160 to 50 mV in 10-mV increments. C, Same cell as
in A and B after application of 50 um carbachol.
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Fig. 2. tsA cells express a large inwardly rectifying potassium conduc-
tance after transfection with IRK1. A, Inward current observed after
transfection with IRK1 (@) is abolished by 1 mm cesium (W). /nset,
current traces during a 200-msec step from —60 to —120 mV in control
and after cesium application. B, Traces are result of subtraction of
traces recorded in the presence of cesium from control recordings of
the same cell as in A. Traces are shown from a holding potential of —60
mV with steps from —150 to 0 mV.

rents revealed the inwardly rectifying potassium current
(Fig. 2B). IRK1 is a strongly rectifying potassium conduc-
tance, and thus there is little outward current passing at
potentials more depolarized than Ej, the potassium equilib-
rium potential.

ml muscarinic receptor inhibits IRK]1. In cells trans-
fected with both IRK1 and m1, stimulation of the muscarinic
receptor reduced the inwardly rectifying potassium conduc-
tance in a reversible manner, as shown in Fig. 3. The appli-
cation of 10-100 uM carbachol to the cells via a pressure
ejection pipette resulted in a decrease in both inward and
outward current amplitude (21 experiments). During a step
to —100 mV, current amplitude was reduced from —1.39 *+
0.15 nA (16 experiments) in control to —1.02 * 0.17 nA (16
experiments) after application of 50 uM carbachol. This indi-
cates an inhibition of 32 * 7% (16 experiments). As seen in
the current-voltage curve constructed from currents mea-
sured at the end of the 200-msec steps to a variety of poten-
tials, this reduction in amplitude was echoed with a reduc-
tion in conductance (Fig. 3A). Cord conductance, measured in
the linear portion of the current-voltage curve from —130 to
—70 mV, was reduced from 41.4 = 5.1 nS t0 29.3 + 5.4 nS (16
experiments) in the presence of 50 uM carbachol. Similarly,
the outward portion of the inwardly rectifying potassium
conductance, measured at —50 mV, was reduced from 0.21 *
0.06 nA in control to 0.07 = 0.04 nA (16 experiments) in the
presence of 50 uM carbachol, indicating a 52 + 7% reduction.
The outward currents were measured at —50 mV to avoid
contamination by the voltage-dependent delayed rectifier
outward potassium conductance, which usually activated be-
tween —10 and —20 mV. Subtraction of the carbachol-inhib-
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Fig. 3. Muscarinic receptor stimulation results in a reduction of in-
wardly rectifying current. Transfection of a tsA cell with IRK1 and m1
results in a large inward current shown (A) in control (@), which was
reduced after application of 50 um carbachol (M) and recovers to
control values after washout of carbachol (¢). Current values were
measured at the end of 200-msec steps from —60 mV. Superimposed
current traces from the same cell as in A of voltage steps from —160 mV
to —20 mV are shown in control (B) after 50 um carbachol (C) and after
washout (D). E, resultant current traces after subtraction of currents
measured in the presence of carbachol from control currents.

ited current traces from control traces (Fig. 3E) revealed
inwardly rectifying potassium currents that closely resem-
bled those of the cesium-subtracted currents.

The reduction in current amplitude induced by application
of carbachol was fully reversed on washout (Figs. 3D and 4).
Control currents of —1.60 * 0.24 nA (nine experiments) were
reduced to —1.15 *+ 0.26 nA (nine experiments) in response to
carbachol application and returned to control values of —1.58
*+ 0.27 nA (nine experiments) after washout.
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Fig. 4. Carbachol-induced inhibition of IRK1 is blocked by muscarinic
antagonist atropine. Shown is current amplitude measured in a cell
transfected with m1 and IRK1 at the end of 200-msec steps from —60
to —160 mV. Open arrows, application of 50 um carbachol (30-sec
application). Solid arrows, start of a 5-min washout period.
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The time course of muscarinic receptor-induced inhibition
of IRK1 current amplitude is shown in Fig. 4A, revealing that
the carbachol effect slowly reaches a peak, which is reversed
only on washout of the carbachol. The response to carbachol
was inhibited by incubation with 1 uM atropine for 10 min.
Carbachol induced a 50 + 9% (five experiments) decrease in
inward current amplitude measured at the end of a step to
—100 mV before the addition of atropine and reduced cur-
rents by only 19 * 7% (five experiments) in the presence of
the atropine.

For purposes of comparison, the effects of stimulation of
the m2 muscarinic receptor on the inward rectifier were
studied in cells cotransfected with m2 and IRK1 cDNA. Ap-
plication of carbachol had no effect on IRK1 current ampli-
tude, being 0.72 *+ 0.16 nA (eight experiments) in control and
0.73 * 0.17 nA (eight experiments) after application of 100
uM carbachol. This suggests that the m1 muscarinic receptor-
induced inhibition of IRK1 was specific to the m1 muscarinic
receptor.

Role of second messengers in mediating the musca-
rinic effects. Due to the slow nature of the carbachol re-
sponse, indicating the possibility of mediation by a second
messenger, and because the m1 muscarinic receptor acti-
vates a variety of second messengers, several types of second
messenger were tested for their effects on IRK1. Uchimura
and North (10) demonstrated that the muscarine-induced
inhibition of an inwardly rectifying potassium conductance in
neurons of the nucleus accumbens could be mimicked by
application of a phorbol ester; therefore, PDBu, a phorbol
ester that stimulates PKC, was initially tested.

The application of PDBu (100 nM to 2 uM) produced a
reduction in IRK1 conductance and current amplitude (six
experiments) (Fig. 5A). These effects seem to be similar to
those induced by carbachol. PDBu (1 uM) reduced current
amplitude by 67 + 10% (three experiments). The application
of 10 uM 1,2-dioctanoylglycerol, an analogue of diacylglycerol
that also stimulates PKC, also reduced IRK1 current ampli-
tude (two experiments).

To determine whether the effect of carbachol on IRK1
involved stimulation of PKC, the cells were exposed to stau-
rosporine, an inhibitor of PKC (although not highly selective
for PKC), and to calphostin C, a more selective inhibitor of
PKC (27, 28). In the presence of 500 nM staurosporine, car-
bachol had no effect on IRK1 in m1 muscarinic receptor-
transfected cells. Current amplitudes measured at the end of
the 200-msec step to —100 mV were 0.42 + 0.09 nA (12
experiments) before and 0.48 * 0.16 nA (12 experiments)
after the application of 100 uM carbachol. Preincubation of
the cells with 200 nM calphostin C for 40 min before electro-
physiological recordings resulted in an inhibition of the effect
of carbachol on IRK1 current amplitude (Fig. 6). Carbachol
(50 uM) reduced current amplitude measured during a step to
—100 mV by 35 * 8% (nine experiments). The carbachol-
induced effect was reduced to a 3 + 6% (five experiments)
inhibition of current amplitude in the presence of calphostin
C. These observations provide evidence for the possible role
of PKC in the transduction of the carbachol effect.

Release of intracellular calcium by m1 muscarinic receptor
stimulation may also play a role in the inhibition of IRK1. To
test this, thapsigargin was used to stimulate release of in-
tracellular calcium. Thapsigargin (200 nM) induced a small
inhibition of IRK1 current amplitude. Control currents were
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Fig. 5. PDBu inhibits IRK1. A, Application of 500 nm PDBu (W) reduced
control inward currents (@) by ~50%. Currents were measured at the
end of 200-msec steps from a holding potential of —60 mV. Current
traces from this cell are shown in control (B) and after application of
PDBu (C). Subtraction of the PDBu-inhibited traces from control re-
vealed the PDBu-inhibited portion of the current shown in D. Current
traces are shown of steps from —160 to —20 mV in 10-mV increments.

reduced from —1.50 = 0.46 nA to —1.26 *= 0.45 nA (five
experiments) in the presence of thapsigargin. This reduction,
however, was not found to be statistically significant as
tested with a paired Student’s ¢ test.

As the m1 muscarinic receptor has also been shown to
increase cAMP levels in cells (22), the effects of 8-bromo-
cAMP were examined on the IRK1 currents. 8-Bromo-cAMP
(500 uMm) did not significantly change the current amplitude
at the end of a step to —100 mV, being —1.58 + 0.30 nA in
control and —1.62 = 0.35 nA in the presence of 8-bromo-
cAMP (four experiments).

Discussion

This study demonstrates that IRK1 can be modulated by
the m1 muscarinic receptor. The muscarinic inhibition of
IRK1 was mimicked by PDBu and abolished by staurosporine
and calphostin C. This indicates that inhibition of IRK1 by
the m1 muscarinic receptor is probably due to stimulation of
PKC. This conclusion is supported by Fakler et al. (29), who
showed that IRK1 could be inhibited by SC10, a stimulator of
PKC. It is possible that the inhibition of IRK1 by the m1l
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Fig. 6. Calphostin C inhibited muscarinic . Carbachol re-
duced IRK1 currents in m1- and IRK1-transfected cells by ~35% (nine
experiments). Preincubation of the cells for 40 min with 200 nm cal-
phostin C inhibited the carbachol-induced reduction in IRK1 current
amplitude (five experiments). Current measurements were taken from
the end of 200-msec steps from —60 to —100 mV in the presence and
absence of 50 um carbachol. *, Statistically significantly different as
determined with Student’s t test (p < 0.01).

Calphostin

muscarinic receptor represents the muscarinic receptor-in-
duced inhibition of inwardly rectifying potassium conduc-
tances in the brain (10, 11). Support for this suggestion is
provided by the intracellular recording studies from neurons
of the nucleus accumbens (10). In these studies, muscarinic
receptor stimulation inhibited an inwardly rectifying potas-
sium conductance that was mimicked and blocked by appli-
cation of an activator of PKC. .

The ml muscarinic receptor stimulates various second
messenger pathways, including activation of PLC, which
leads to formation of InsP; and release of intracellular cal-
cium, and DAG, which results in activation of PKC. Raised
levels of intracellular calcium concentration have been
shown to inhibit inwardly rectifying potassium channels in
some studies (30, 31) and to activate inward rectifiers in
others (32, 33). In this study, thapsigargin, an agent that
releases calcium from endoplasmic reticulum (34), was used
to increase intracellular calcium concentrations. Thapsigar-
gin had no significant effect on IRK1 current amplitude,
suggesting that IRK1 was not modulated by calcium.

In some cells, the m1 muscarinic receptor has also been
shown to increase cAMP concentrations (22), possibly via
stimulation of adenylyl cyclase (23). This increase in cAMP
levels stimulated by the m1 muscarinic receptor might also
contribute to the inhibition of IRK1. However, this mecha-
nism can be ruled out as application of 8-bromo-cAMP to the
cells did not significantly affect the IRK1 current. As 8-bro-
mo-cAMP can activate PKA, this result differs from that of
Fakler et al. (29), who noted an increase in IRK1 current on
application of the catalytic subunit of PKA. Because they
obtained recordings from inside-out macropatches, I assume
that differences in effect were due to differing recording
conditions and treatments. However, as PKA caused an in-
crease in IRK1 in their study, it would be unlikely that cAMP
was involved in the m1 muscarinic receptor-induced inhibi-
tory effect.

Previous whole-cell recordings of IRK1 have been noted to

show considerable rundown over the time course of the ex-
periment. It is assumed that rundown of the channel current
amplitude in this study was kept to a minimum due to the
inclusion of high concentrations of Mg-ATP in the patch
pipette, which has been shown to maintain the current (29).
This is also likely to be the explanation for why GTPyS was
without effect in the initial studies of Kubo et al. (13), as
inhibition of IRK1 by GTPyS was probably indistinguishable
from rundown.

A family of IRK1-like inwardly rectifying potassium chan-
nels has been cloned from a variety of tissues since the initial
cloning of IRK1; these include IRK2 (35-37) and IRK3 (38). It
will be interesting to determine whether these are also mod-
ulated by the muscarinic receptors. There are several PKC
consensus sequence sites in each of these IRK subtypes;
however, their locations seem to be somewhat different.
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