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ABSTRACT Stimulation of inhibitory neurotransmitter re-
ceptors, such as y-aminobutyric acid type B (GABAg) receptors,
activates G protein-gated inwardly rectifying K* channels
(GIRK) which, in turn, influence membrane excitability. Seizure
activity has been reported in a Girk2 null mutant mouse lacking
GIRK?2 channels but showing normal cerebellar development as
well as in the weaver mouse, which has mutated GIRK2 channels
and shows abnormal development. To understand how the
function of GIRK2 channels differs in these two mutant mice, we
compared the G protein-activated inwardly rectifying K* cur-
rents in cerebellar granule cells isolated from Girk2 null mutant
and weaver mutant mice with those from wild-type mice. Acti-
vation of GABAg receptors in wild-type granule cells induced an
inwardly rectifying K* current, which was sensitive to pertussis
toxin and inhibited by external Ba*>* ions. The amplitude of the
GABAg receptor-activated current was severely attenuated in
granule cells isolated from both weaver and Girk2 null mutant
mice. By contrast, the G protein-gated inwardly rectifying cur-
rent and possibly the agonist-independent basal current ap-
peared to be less selective for K* ions in weaver but not Girk2 null
mutant granule cells. Our results support the hypothesis that a
nonselective current leads to the weaver phenotype. The loss of
GABAjg receptor-activated GIRK current appears coincident
with the absence of GIRK2 channel protein and the reduction of
GIRK1 channel protein in the Girk2 null mutant mouse, sug-
gesting that GABAg receptors couple to heteromultimers com-
posed of GIRK1 and GIRK2 channel subunits.

y-Aminobutyric acid (GABA) is a potent inhibitory neuro-
transmitter that interacts with two different classes of GABA
receptors: ionotropic chloride channels (GABA,) and
metabotropic G protein-coupled receptors (GABAg) (for
reviews, see refs. 1 and 2). The activation of GABAg receptors
has been implicated in hippocampal long-term potentiation (3,
4), absence epilepsy (5-8), slow-wave sleep (7), muscle relax-
ation, and antinociception (9). GABAg receptors are ex-
pressed in both presynaptic and postsynaptic neuronal mem-
branes, where they couple to K* and/or Ca?* channels (2).
One class of K* channels that are believed to couple to
GABAg receptors as well as other G protein-linked neuro-
transmitter receptors are the G protein-gated inwardly recti-
fying K* channels (GIRK) (for reviews, see refs. 10-12).
Like all inwardly rectifying K* channels, GIRK channels
preferentially allow more inward K™ current to flow across the
cell’s membrane than outward K* current (13). The small
outward flow of K* ions keeps the cell’s membrane potential
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close to the equilibrium potential for K* ions (Ex), thereby
affecting membrane excitability (13). Four different mamma-
lian GIRK cDNA sequences have been identified thus far,
GIRK1-GIRK4 (also referred to as Kir3.1-Kir3.4; ref. 14), and
these GIRK channel subunits form heteromultimers in heter-
ologous expression systems (15-18). Coimmunoprecipitation
experiments have indicated that native G protein-gated in-
wardly rectifying K* channels in the brain are heteromultimers
composed of GIRK1 and GIRK2 channel subunits (19)
whereas those in the heart are heteromultimers composed of
GIRK1 and GIRK4 channel subunits (17). The functional
consequence of GIRK channel opening is best known in the
heart, where parasympathetic activation stimulates the release
of acetylcholine, which binds to muscarinic cholinergic recep-
tors, opens atrial muscarinic GIRK channels (Ixcn)) and
slows the heart rate (20-22). In the brain, GIRK channels also
are postulated to be an important determinant of membrane
excitability. Indeed, a Girk2 null mutant mouse that lacks
GIRK?2 channels is more predisposed to seizures (23).

The activity of GIRK2 channels may be important in the
development of the nervous system. The weaver mouse, in
which degeneration of neurons primarily in the cerebellum and
substantia nigra leads to severe ataxia, hyperactivity, and
tremor (for reviews, see refs. 24 and 25), has a mutation in the
Girk2 gene (26). We reported previously that the weaver
mutation in GIRK2 channels (GIRK2%") has two distinct
effects on channel function in Xenopus oocytes: a reduction in
basal and G protein-activated K* currents and, with high
expression levels of GIRK2" channels, the appearance of
novel inwardly rectifying nonselective basal and G protein-
activated currents (ref. 27; also see refs. 28-31). We predicted
that cerebellar neurons isolated from weaver mice would
display a reduced GIRK current and/or show an aberrant
nonselective current (27). Whole-cell patch recordings from
isolated weaver granule cells have been equivocal, however.
Mjaatvedt er al. (32) reported that the cerebellar granule cells
isolated from either wild-type or weaver mice do not express
GIRK currents. Kofujiet al. (28), on the other hand, found that
wild-type granule cells possess GIRK currents, but that weaver
granule cells express an anomalous “leakage” current that is
not activated by G proteins. Finally, Surmeier et al. (33) and
Lauritzen et al. (34) reported that the GIRK currents in weaver,
but not wild-type, granule cells are severely reduced. Thus, no
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consensus has been reached on the mechanism by which
mutated GIRK2" channels lead to the weaver phenotype in
the cerebellum.

To clarify the role of GIRK2 channels in cerebellar develop-
ment, we examined the G protein-gated inwardly rectifying K*
currents in cerebellar granule cells dissociated from a mutant
mouse lacking GIRK2 channels (23) and compared them with the
GIRK currents recorded from weaver granule cells. Wild-type
cerebellar granule cells possess a robust GIRK current that
requires pertussis toxin (PTX)-sensitive G proteins; this GIRK
current is markedly reduced in both Girk2 null mutant mice and
weaver mutant mice. Our results support the hypothesis that the
expression of an anomalous nonselective current underlies the
weaver phenotype in cerebellar granule cells (28), rather than a
loss of a K* current (33, 34). In addition, our results suggest that
a majority of the heteromeric GIRK channels that couple to
GABAg receptors in the cerebellum are composed of GIRK1
and GIRK2 channel subunits.

METHODS

Oocyte Studies. Xenopus oocytes were isolated as described
(27). Tandem dimers of GIRK1-GIRK2 and GIRK1-GIRK2"¥
were constructed by splicing GIRK1 at Arg-499 in-frame with
GIRK?2 at Leu-6 using a SSSSSSSSR linker. The GIRK2" cDNA
was used as described (27). In vitro methyl-capped cRNA was
made using T3 or T7 RNA polymerase (Stratagene), and the
concentration was estimated on an ethidium-stained formalde-
hyde gel by comparison with a RNA molecular weight marker.
Oocytes were injected with a 46-nl solution containing cRNA for
m2 muscarinic receptor (~0.2 ng) and GIRK channels (0.5-5 ng).
To suppress the expression of the endogenous oocyte GIRK
channel, XIR, ~13 ng of a phosphothioated oligonucleotide
(TAAATCCCTTGCCATGATGGT) antisense to XIR was
coinjected with the channel cRNA in some experiments, follow-
ing the protocol described by Hedin et al. (35). Oocytes were
incubated in ND96 for 3-5 days at 18°C.

Macroscopic currents were recorded from oocytes with a
two-electrode voltage-clamp amplifier (Dagan CA-1), filtered at
1 kHz, digitized (3.3 kHz) with a TL-1 A/D interface (Axon
Instruments, Foster City, CA) and stored on a laboratory com-
puter. Oocytes were perfused continuously with a solution con-
taining 90 mM XCI (X = K*, Na*), 2 mM MgCl, and 10 mM
Hepes (pH 7.4 with ~5 mM XOH) with or without 500 uM
BaCl,. Carbachol (3 uM) (Sigma) was used to stimulate m2
muscarinic receptors. A small chamber (2 X 15 mm) with fast
perfusion was used to change the extracellular solutions and was
connected to ground via a 3 M KCl agarose bridge.

Granule Cell Studies. Cerebellar granule cells were isolated
from cerebella of 5- to 6-day-old mouse pups. The control
group consisted of C57BL/6 mice from Simonsen or littermate
controls from weaver heterozygotes (B6CBACa-A%'/A-
Kenj6*Y from The Jackson Laboratory) matings or Girk2 null
mutant heterozygote matings (derived from F3 and F, hybrid
crosses of 129/sv and C57BL/6). Weaver mice were genotyped
by using PCR cycle sequencing of the genomic DNA isolated
from mouse tails to detect the weaver mutation (G953A). Girk2
null mutant mice were genotyped by using PCR amplification
of genomic DNA to detect the targeted sequence used for
generating the Girk2 null mutant (23). Mice were killed by
decapitation using a protocol approved by the Animal Care
Committee at the University of California at San Francisco.
The entire cerebellar cortex was removed, sliced into small
1-2-mm pieces in Ca?*- and Mg?*-free PBS supplemented
with 10% horse serum and 100 units/ml penicillin and 100
pg/ml streptomycin, and dissociated into single cells by trit-
uration through fire-polished pasteur pipets. Neurons were
pelleted (1,000 g) and then resuspended in MEM with Earl’s
basal salts supplemented with 10% horse serum (HyClone)/25
mM KCl1/0.06% glucose/100 units/ml penicillin/100 ug/ml
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streptomycin, and plated at a density of 0.5-1 X 10° cells/ml
on glass coverslips precoated with 25 pg/ml poly-D-lysine.
Granule cells were grown at 37°C in humidified air with 5%
COs. In some experiments, granule cells were grown in the
presence of 1 ug/ml PTX (Research Biochemicals) for 18-24 hr.

The whole-cell patch clamp technique (36) was used to record
macroscopic currents from granule cells grown in vitro for 2-3
days. Granule cells were identified based on their small size (4.0 =
0.2 pF, n = 151), and recordings were made preferentially from
neurons with short neurites to minimize problems with space-
clamp. Borosilicate glass (Warner; P6165T) electrodes had resis-
tances of 1-3 Mohms and were coated with a parafilm/mineral
oil mix to reduce capacitance. Membrane currents were recorded
with an Axopatch 200A amplifier (Axon Instruments), adjusted
electronically for cell capacitance and series resistance (80—
100%), filtered at 2 kHz with a Bessel filter, digitized at 5 kHz with
a TL-1 interface (Axon Instruments), and stored on a laboratory
computer. Intracellular pipet solution contained 120 mM KCI, 20
mM NaCl, 5 mM EGTA, 10 mM glucose, 2.56 mM K,ATP, 5.46
mM MgCl, and 10 mM Hepes (pH 7.2 with ~14 mM KOH).
With these ion concentrations, ~140 mM K, 2 mM free Mg?*
and 2 mM MgATP were in the intracellular solution. Either
300 uM Li3-GTP (Boehringer) or 100-150 uM Lisz-guanosine-
5'-0-(3-thiotriphosphate) (GTP+S) (Research Biochemicals)
was added to the intracellular pipet solution. The external bath
solution (20K) contained 140 mM NacCl, 20 mM KCl, 5 mM
glucose, 0.5 mM CaCl,, 2 mM MgCl,, and 10 mM Hepes (pH
7.2). In some experiments, external Na* was replaced with
N-methyl-D-glucamine. The osmolarity was 310-330 mOsm.
The bath solution sometimes contained 0.2-200 uM (*)-
baclofen (Research Biochemicals), or 500 uM BaCl, (Aldrich).
The bath solution was perfused locally using gravity flow through
a 1.14-mm polyethylene tube connected to a Teflon manifold
(Warner). Current voltage relations and reversal potential mea-
surements were corrected for the junction potential of ~5 mV,
estimated using the Junction Potential Calculator (Axon Instru-
ments). The zero-current potential (reversal potential) was mea-
sured only in granule cells that displayed G protein-activated
inwardly rectifying currents evoked by either incremental voltage
steps or a continuous change in voltage (ramps).

All reported values are mean = SEM. Statistical analyses
were performed with unpaired Student’s ¢ test or with ANOVA
followed by an appropriate posthoc test (SigmaStat 2.0).

RESULTS

Expression of GIRK Channels in Oocytes. We found previ-
ously that Xenopus oocytes injected with cRNA for GIRK2"Y
channels produced channels that lose their selectivity for K* ions,
giving rise to basal and G protein-activated Na* currents (27).
Coexpression of GIRK1 channel subunits with GIRK2*" channel
subunits gave rise to markedly reduced basal and muscarinic
receptor-activated K* currents as compared with oocytes ex-
pressing GIRK1 and wild-type GIRK2 channels subunits, sug-
gesting that heteromultimers composed of GIRK1 and GIRK2"
channel subunits were functionally impaired (27). To test this
possibility, we constructed tandem dimers in which the GIRK1
channel subunit was linked in frame with either the GIRK2 or
GIRK2™ channel subunit. Oocytes injected with the GIRK1-
GIRK2 dimer cRNA and the m2 muscarinic receptor cRNA
expressed an inwardly rectifying basal K* current that was
reversibly inhibited by 500 uM external BaCl,, eliminated by
replacing all of the external K* with Na* ions, and enhanced by
muscarinic receptor stimulation (Fig. 1 4, C, and D). Expression
of the GIRK2" cRNA with the muscarinic receptor cRNA in
oocytes gave rise to a large inward basal current that was reduced
by external Ba?" ions and enhanced by muscarinic stimulation,
but decreased only slightly when K* ions were replaced with Na™
ions (Fig. 1 B and C; cfref. 27). The GIRK2" channels apparently
retain the pore property of susceptibility to inhibition by external
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Fic. 1. GIRK2" channel subunits are nonselective whereas
GIRKI1-GIRK2" dimers fail to produce detectable GIRK currents
when expressed in Xenopus oocytes. Inward currents were measured
with two-electrode voltage-clamp from oocytes injected with cRNA
for the m2 muscarinic receptor along with the cRNA for either the
GIRKI1-GIRK2 wild-type dimer, GIRK1-GIRK2% dimer, or the
GIRK2" channel subunit. The current at —100 mV is plotted as a
function of time for oocytes expressing the GIRK1-GIRK2 wild-type
dimer (4) and the GIRK2" channel (B). Oocytes were perfused
continuously with a solution containing 95 mM KT. Solid bar
indicates exposure to 95 mM K* + 500 uM BaCl, (+Ba?*), 95 mM
Na* (+Na*), or 95 mM K* + 3 uM carbachol (+carb). (C) The
percentage of the basal current that was inhibited by 500 uM BaCl,
for GIRK1-GIRK2 dimer (82% =* 2%, n = 3) and for GIRK2"
channel (63% = 3%, n = 4). = indicates P < 0.05 as determined by
Student’s unpaired ¢ test. (D) The average current measured at —100
mV in the absence (basal) and then presence of carbachol (+carb) in
oocytes expressing GIRK1-GIRK2 dimer (-0.49 = 0.09 pA for basal;
—2.20 = 0.24 pA for +carbachol; n = 7) or GIRK1-GIRK2" dimer
(-0.03 = 0.01 pA for basal; —0.07 = 0.01 pA for +carbachol; n = 9).
Current was adjusted for linear leakage current. * indicates that the
basal and +carbachol currents for GIRK1-GIRK2"" dimer are statis-
tically smaller than those for GIRKI-GIRK2 dimer (P < 0.05 as
determined by ANOVA followed by Dunn’s posthoc test on ranks).

Ba?* ions even though the channels have lost their selectivity for
K* ions. The GIRK1-GIRK2*' dimer, by contrast, showed a
small basal current and no enhancement with muscarinic receptor
stimulation (Fig. 1D). To suppress the expression of the endog-
enous GIRK channel, XIR (35), which potentially could coas-
semble with the GIRK1-GIRK2 dimers, we also coinjected an
oligonucleotide (KHAL1) that was antisense to XIR with the
dimer cRNA. The oligonucleotide KHA1 was shown to reduce
the formation of GIRK multimers that contain the endogenous
subunit XIR (35). Expression of the GIRK1-GIRK2" dimer with
KHAL again failed to produce inwardly rectifying currents that
could be enhanced by muscarinic receptor stimulation (—0.22 *
0.02 pA in the presence of carbachol for GIRK1-GIRK2" dimer
vs. —1.57 = 0.32 pA for GIRK1-GIRK?2 dimer, n = 5). These
results suggest that heteromultimers composed of two GIRK1
channel subunits and two GIRK2" channel subunits (i.e., two
dimers) are functionally silent, due to either impaired channel
function, formation, or membrane targeting.
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G Protein-Gated Inwardly Rectifying K* Currents in Wild-
Type Cerebellar Granule Cells. Wild-type granule cells possess
a large rapidly inactivating voltage-gated K* current (cf. ref.
37) that was largely suppressed by shifting the membrane
holding potential from —80 mV to 0 mV (Fig. 24 and B). The
depolarized holding potential revealed an inwardly rectifying
current that was inhibited completely by 500 uM BaCl, (Fig.
2 A and B) and reversed near the equilibrium potential for K*,
indicating the presence of an inwardly rectifying K* current
(Fig. 2 A and B). The inward K* current increased with time
and reached a steady-state level (Fig. 2C) with GTP+S in the
intracellular solution, as expected from the persistent G pro-
tein activation by the nonhydrolyzable GTP analogue. The
GTP~yS-activated current was completely and reversibly
blocked by 500 uM BaCl, (Fig. 2 C and D). Both the
GTPyS-activated and Ba?*-sensitive currents showed strong
inward rectification (Fig. 2D). Thus, cerebellar granule cells
express a G protein-gated inwardly rectifying K* current.

We next examined whether GIRK currents could be activated
through stimulation of G protein-coupled neurotransmitter re-
ceptors. We chose baclofen, a GABAg receptor agonist, because
GABAg receptors are expressed in the developing cerebellum
(38) and because activation of GABAg receptors had been shown
to inhibit Ca?* channels in cultures of cerebellar neurons (39, 40).
Unlike the recordings with GTP+S, the basal inward current did
not increase with time when GTP was included in the intracellular
recording solution (Fig. 34). Application of the GABAg agonist
(*)-baclofen reversibly enhanced the inward current in a dose-
dependent fashion (Fig. 34). Like the GTP+S-activated inwardly
rectifying K* current, the current induced by (=)-baclofen
showed strong inward rectification and reversed near the K*
equilibrium potential of —50 mV (Fig. 3B). The dose-response
curve for the (*)-baclofen-activated GIRK currents had a Kp of
16 uM and a Hill coefficient of ~1 (Fig. 3C).

Because GABAg receptors are coupled to both PTX-
sensitive and PTX-insensitive G proteins (2), we examined the
PTX sensitivity of the GABAg receptor-activated currents in
cerebellar granule cells. Pretreatment of granule cells with 1
pg/ml PTX suppressed the baclofen-activated GIRK currents
(Fig. 3 D and E). Thus, GIRK channels are present in the
cerebellum and are coupled to neurotransmitter receptors via
PTX-sensitive G proteins, similar to the GIRK channels in
heart (41).

GTPyS-Activated GIRK Currents in weaver and Girk2 Null
Mutant Cerebellar Granule Cells. Similar to their fate in vivo,
granule cells dissociated from homozygous weaver mouse
cerebellum (wv/wv) failed to extend long neurites and died in
vitro within 4 days of the isolation, consistent with the findings
reported by Willinger et al. (42). The GTP+S-activated cur-
rents therefore were recorded from granule cells grown in vitro
for only 2-3 days. Whereas the inward current in wv/wy
granule cells changed little with time, the inward current in the
+/wv neuron increased during the recording, similar to +/+
granule cells. This change in inward current was not due to a
change in the leakage current because the outward current
through the voltage-gated K* channels did not show a corre-
sponding increase (not shown) and the GTP+yS-activated cur-
rent displayed strong rectification, similar to that of the
GTP~yS-activated current in wild-type granule cells (Fig. 4 B
and D). The amplitude of the GTP+S-activated current in both
+/wv and wv/wy granule cells was significantly smaller than
that of the wild-type granule cells (Fig. 4E).

Although the reduction in the amplitude of GTP+S-activated
current was evident in both weaver and Girk2 null mutant granule
cells, the reversal potential for the GIRK current was shifted to
membrane potentials more depolarized than Ex for +/wv (Fig.
4D, Inset) and wv/wv granule cells. The mean reversal potential
for the GTP+S-activated current in + /wv and wv/wv granule cells
was =31 £ 6 mV (n = 7) and —32 £ 6 mV (n = 3), respectively,
as compared with =52 = 3 mV (n = 11) for +/+ granule cells.
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FIG.2. Cerebellar granule cells possess GTP+yS-activated inwardly rectifying K™ currents that are inhibited by external Ba>*. Whole-cell currents
were recorded from a wild-type cerebellar granule cell with 20 mM K™ in the extracellular solution and 140 mM K* in the intracellular solution
(Ex= —50 mV). (4) Whole-cell currents were elicited by voltage steps from —120 to +10 mV in 10 mV increments from a holding potential of
—80 mV (i) or 0 mV (ii and iii). In some cases, a prepulse to —40 mV(50 ms) and then —50 mV (50 ms) was delivered before the test pulse to
monitor the leakage current. A depolarized holding potential suppresses the rapidly inactivating voltage-gated K* current and reveals an inwardly
rectifying K* current. Inclusion of 500 uM BaCl, in the extracellular solution inhibits the inwardly rectifying K* current (iii). (B) The current is
plotted as a function of the membrane potential for 0 mV (0), —80 mV (O), and 0 mV in the presence of Ba?* (®). (C) The inward current at
—120 mV is plotted as a function of time after the beginning of the whole-cell recording. Numbers near points indicate the time points used for
deriving the difference currents in D. (D) The GTPyS-activated (2) current was obtained by subtracting the current recorded at the beginning of
the whole-cell recording (1) from the current recorded after GTP9S activation (2). The Ba?*-sensitive () current was obtained by subtracting the
current recorded during exposure to 500 uM BaCl, (3) from the control current before BaCl, (4). The current-voltage plots show that both
GTPyS-activated (») and Ba?*-sensitive (A) currents displayed strong rectification and reversed near the equilibrium potential for K+ (Ex),
indicating strong K+ selectivity. The extracellular solution contained 20 mM K™ and 145 mM N-methyl-D-glucamine. All current recordings were
compensated electronically for cell capacitance and series resistance.

Such a shift in the reversal potential is expected for channels that
lose their selectivity for K* ions. Thus, the GTPyS-activated
currents in +/wv and wv/wyv granule cells are not strongly
selective for K* ions. Consistent with our studies on the heter-
ologous expression of GIRK1 and GIRK2" channel subunits in
Xenopus oocytes (27), the weaver mutation appears to have a dual
effect on GIRK currents in cerebellar granule cells: a reduction
in the amplitude of the GTP+S-activated GIRK currents and a
change in K* selectivity.

In contrast to wv/wv granule cells, granule cells isolated from
Girk2 —/— cerebellum survived in vitro and extended long
neurites, similar to wild-type neurons. Inclusion of GTP+S in the
pipet led to little or no activation of GIRK currents in Girk2 —/—
granule cells (Fig. 4 C and E). The amplitude of the GTP»S-
activated currents recorded from Girk2 +/— granule cells was
not significantly different from that of wild-type granule cells
(Fig. 4E), indicating that one copy of the Girk2 gene was sufficient
to produce GTP+S-activated GIRK currents. In contrast to the
GTPyS-activated currents in +/wv granule cells, the GTPyS-
activated current in Girk2 +/— granule cells reversed at —51 =+
2 mV (n = 11), indicating normal K* selectivity.

GABAg Receptor-Activated GIRK Currents in weaver and
Girk2 Null Mutant Cerebellar Granule Cells. We next compared
the Ba?"-sensitive basal (agonist-independent) currents and the
GABAg receptor-activated currents in Girk2 null mutant granule
cells with those in weaver granule cells. To reduce the possibility
that the neurons that possessed a large GIRK2" current would
die rapidly in vitro, we examined the GIRK currents in weaver
granule cells grown with QX-314 to delay the onset of cell death
(28). The amplitude of the agonist-independent basal inward K*
current in the +/wv and wv/wv granule cells was not significantly
different from that in +/+ granule cells (Fig. 5). By contrast, the
amplitude of the baclofen-activated current was significantly
reduced in wv/wv granule cells and completely absent in —/—
granule cells, as compared with +/wv, +/—, and +/+ granule
cells (Fig. 5D). Examples of recordings in which stimulation of
GABAGg receptors with (#)-baclofen in wv/wv and —/— granule
cells resulted in no response are shown (Fig. 5 B and C). As was
found for the GTPS activated GIRK currents, the amplitude of
the baclofen-induced currents was markedly reduced in wv/wy
and —/— granule cells, as compared with wild-type granule cells
(Fig. 5D). Surprisingly, the reversal potential for the baclofen-
activated current in +/wv granule cells was not significantly
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Fi1G.3. GABAg receptor-activated inwardly rectifying K* currents
require PTX-sensitive G proteins in wild-type granule cells. (4) The
inward current measured at —120 mV from a holding potential of 0 mV
is plotted as a function of time. Solid bar indicates exposure to 200, 20,
or 2 uM (*)-baclofen. Note the increase in inward current during
activation of GABAB receptors. (B) The baclofen-activated currents
were obtained by subtracting the basal (agonist-independent) current
from the current measured in the presence of baclofen. The current
was elicited by a voltage ramp pulse from —120 mV to +20 mV (0.64
V/s) from a holding potential of 0 mV. The extracellular solution
contained 20 mM K* and 145 mM Na*. All of the baclofen-activated
currents reversed (zero-current potential) near —50 mV, the equilib-
rium potential for K*, and showed strong rectification (little outward
current positive to —50 mV). (C) (*)-baclofen dose-response curve.
The change in inward current at —120 mV produced by different
concentrations of baclofen was normalized to the change in current
produced by 200 uM baclofen and plotted as a function of baclofen
concentration. Each symbol represents a different recording. Smooth
curve shows the best fit using the Hill equation (I = 1/(1+(Kp/
[baclofen])?), with a Kp of 16 uM and a Hill coefficient (a) of 0.95. (D)
The inward current measured at —120 mV in a granule cell pretreated
for 1620 hr with 1 ug/ml PTX is plotted as a function of time. No
induction of current was seen with 200 uM baclofen (solid bar). (E)
The average baclofen-activated currents were normalized to the cell
capacitance for control granule cells (=95 = 39 pA/pF; n = 5) and
granule cells pretreated with PTX (—=3.2 * 3.3 pA/pF; n = 6). *
indicates statistical significance (P < 0.05) using unpaired Student’s ¢
test.

different from that of wild-type granule cells (=56 * 2 mV for
+/+ vs =51 = 3 mV for +/wv), even though the GTP+S-
activated GIRK currents in + /wv granule cells were significantly
less selective (see Discussion).

In some recordings, both wv/wv and —/— granule cells dis-
played a large basal current even though there was little or no
detectable GABAg receptor-activated inwardly rectifying K*
current. This agonist-independent current was reversibly inhib-
ited by 500 uM BaCl, (Fig. 5 A-C) and reversed near the
equilibrium potential for K* ions in +/+, +/wy, and —/—
granule cells (Fig. 5E), indicating strong selectivity for K* ions.
Interestingly, the reversal potential for the Ba?*-sensitive in-
wardly rectifying current in wv/wy granule cells showed much
larger variability than that for +/+ or +/— granule cells, but the
mean was not significantly different from +/+ or —/— granule
cells (Fig. 5E).

DISCUSSION

Cerebellar granule cells possess a robust G protein-activated
inwardly rectifying K* current that is coupled to GABAg recep-
tors through PTX-sensitive G proteins. Because the GIRK cur-
rents are eliminated or reduced in both wv/wv and —/— granule
cells and because wv/wy, but not —/—, mice show severe cere-

Proc. Natl. Acad. Sci. USA 94 (1997)

bellar atrophy, it is unlikely that the loss of GIRK current causes
the weaver phenotype. Rather, the presence of a G protein-
activated inwardly rectifying nonselective current and possibly an
agonist-independent nonselective basal current may underlie the
expression of the weaver phenotype. Our finding that the loss of
GABAg receptor-activated currents occurs in mice that lack
GIRK?2 channel and most GIRK1 channel subunits suggests that
GIRK1-GIRK2 heteromultimers form a majority of GIRK chan-
nels that couple to postsynaptic GABAg receptors in cerebellar
granule cells. These GIRK1-GIRK2 heteromultimers may un-
derlie the GABAGg receptor-activated slow inhibitory postsynap-
tic potential in the mouse brain.

GIRK Currents in Wild-Type Cerebellar Granule Cells. Cer-
ebellar granule cells isolated from 5-day-old mice exhibited both
GTP~S-activated and GABAg receptor-activated inwardly rec-
tifying K* currents, corroborating previous reports of GIRK
currents in these neurons (28, 33, 34). At present, we cannot
explain why Mjaatvedt et al. (32) failed to record G protein-gated
inwardly rectifying K* currents. The GABAg receptor-mediated
activation of GIRK current requires PTX-sensitive G proteins.
Similar findings have been reported for CA3 hippocampal neu-
rons (43). Thus, GABAg receptors probably use G,i/Gso G
proteins for GIRK activation in the brain. Several features of the
GIRK currents in cerebellar granule cells differ from the GIRK
currents in hippocampal neurons, however. The GIRK currents
in cerebellar granule cells show strong rectification, reminiscent
of the strong rectification observed in oocytes expressing the
GIRK1-GIRK2 dimer. By contrast, the GIRK currents in hip-
pocampal CA3 neurons did not rectify strongly (43). This differ-
ence could be due to the washout of polyamines, which are known
to affect inward rectification (44). Alternatively, the subunit
composition of GIRK channels in the hippocampus may differ
from that in the cerebellum. Both GIRK1 and GIRK2 channel
subunits are expressed in the developing cerebellum and hip-
pocampus (19, 27). However, the developmental expression
pattern for other GIRK subfamily members is not known and
potentially could affect the rectification properties of the hetero-
multimers.

Another difference between the hippocampal and cerebel-
lar GIRK currents is the kinetics of the time-dependent change
in inward current during sustained hyperpolarizations. In
hippocampal CA3 neurons, the currents activated rapidly (43),
similar to the time-dependent change in current observed in
oocytes expressing GIRK2 channel subunits (16, 27). In some
cerebellar granule cells, the GTPyS-activated inward K* cur-
rents activated slowly upon hyperpolarization to negative
membrane potentials (Fig. 4). Slow activation also was ob-
served for the Ixacn) current in cardiac myocytes (45) and for
the currents in oocytes coexpressing GIRK1-GIRK2 or
GIRK1-GIRK4 heteromultimers (16, 27, 46). Because high
levels of GIRK1 and GIRK2 mRNA and only low levels of
GIRK4 mRNA are expressed in the cerebellum (47), the
slowly activating GIRK current in granule cells may arise from
channels composed predominantly of GIRK1 and GIRK2
subunits. However, the GIRK current activated quickly upon
hyperpolarization in other granule cells (Fig. 2), suggesting
that some GIRK currents may be carried by GIRK2 homo-
multimers or possibly channels with other combinations of
GIRK channel subunits.

Defective GIRK Currents in Both weaver and Girk2 Null
Mutant Cerebellar Granule Cells. One of the major defects in
both the heterozygote and homozygote weaver granule cells is a
dramatic reduction in the amplitude of the GTPyS-activated as
well as the baclofen-activated GIRK current. A reduction in the
amplitude of the G protein-activated GIRK current in wv/wy
granule cells also has been observed in other studies (28, 33, 34).
To learn more about the possible mechanism underlying the loss
of a GIRK current, we examined the expression of a GIRK1-
GIRK2" dimer in Xenopus oocytes. In contrast to the GIRK1-
GIRK2 wild-type dimer, the expression of GIRKI1-GIRK2™
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FiG.4. GTPyS-activated currents are markedly reduced in granule cells isolated from weaver and Girk2 null mutant mice, but only weaver granule
cells show a change in K* selectivity. Examples of GTP+yS-activated currents recorded from wild-type (4), weaver (B), and Girk2 null (C) mutant
mice are shown. Currents were elicited by voltage steps from —130 to +10 mV from a holding potential of 0 mV. The extracellular solution contained
20 mM K* and 145 mM Na™. The GTPyS-activated current was obtained by subtracting the current recorded at the beginning of the whole-cell
recording from the current recorded after GTP»S activation (see Fig. 2 legend). (D) The current-voltage plots show the strong rectification for
+/+, +/—, and +/wv granule cells but a reversal potential for the +/wv granule cell that was more depolarized than that for the +/+ or +/—
granule cells (arrows, Inset). (E) Bar graph shows the mean (+*SEM) amplitude of the GTP+yS-activated currents divided by the cell capacitance
for +/+, +/wv, wv/wy, +/—, and —/— granule cells. Number of recordings is indicated above bars. * indicates significant difference from +/+
(P < 0.05) as determined by one-way ANOVA followed by Dunn’s posthoc test on ranks.

dimer failed to produce basal or G protein-activated GIRK
currents. If GIRK channels form tetramers, like their G protein-
insensitive counterparts (48), then the results suggest that GIRK
channels composed of two GIRKI1 subunits and two GIRK2""
subunits are functionally silent, due to impaired channel function,
formation, or membrane targeting. The large reduction in the
amplitude of GIRK currents in the weaver granule cells therefore
can be explained by the functional impairment of heteromultim-
ers, such as a GIRK1-GIRK2"-GIRK1-GIRK2" tetramer. The
functional impairment of heteromultimers containing GIRK2"
channels could be one mechanism for mitigating the toxic effects
of mutant channels. A change in the sensitivity of heteromultim-
ers containing GIRK2" channels to activation by the G protein
Gg, subunits also may contribute to the smaller G protein-
activated inwardly rectifying K™ currents (29).

In addition to the dramatic reduction in the amplitude of the
GIRK current, we observed a variable change in the ionic
selectivity for the GIRK currents in weaver granule cells. In a
small number of granule cells that expressed a detectable
GTP~S-activated GIRK current, the GTPyS-activated GIRK
current reversed at membrane potentials more depolarized
than Ek, indicating that the GIRK channels lost some selec-
tivity for K* ions. Surprisingly, a similar shift in the reversal
potential occurred in both +/wv and w/wv granule cells even
though the failure to differentiate and the subsequent cell

death is more severe in the wv/wv granule cells as compared
with the +/wv granule cells (25). However, the granule cells
that are more severely affected by the GIRK2"" channels in the
wv/wv cultures likely were missed in our study because we
restricted our analysis to recordings from only viable granule
cells. Unexpectedly, whereas the GTPyS-activated GIRK cur-
rents in +/wv granule cells clearly showed a change in
selectivity, the reversal potential for the GABAg receptor-
activated currents in +/wv granule cells was not significantly
different from that of wild-type granule cells. One possible
explanation for this finding is that the GIRK2*" containing
channels that have reduced K™ selectivity are not activated by
GABAg receptors, but are accessible to other G proteins
(GTP»S will activate all of the G proteins in a cell). For
example, GIRK2*Y homomultimers or other GIRK hetero-
multimers may not couple efficiently to GABAg receptors but
would be activated by GTP~S.

In addition to the G protein-activated inwardly rectifying K*
current, some granule cells also possess a basal inwardly
rectifying K* current that is sensitive to inhibition by external
Ba?*. Although the GTPyS-activated component of current in
weaver was less selective for K*, we could not detect a
consistent change in the reversal potential for the Ba?*-
sensitive basal current in wv/wv granule cells. It is possible that
the GIRK currents in weaver granule cells were not sensitive
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FiG. 5. Girk2 —/— mutant and wv/wv mutant granule cells lack GABAg receptor-activated K* currents but not Ba?*-sensitive inwardly

rectifying basal K* currents. The inward current at —120 mV elicited by voltage ramps from —120 mV to +50 mV is plotted as a function of time
for +/+ (4), wv/wv (B), and —/— (C) granule cells. Solid bar indicates exposure to the extracellular solution (20 mM K* and 145 mM Na™)
containing 200 uM (=*)-baclofen or 500 uM BaCl,. The holding potential was 0 mV. Note that the inward current changed little during exposure
to baclofen in —/— and wv/wv granule cells, whereas the basal current was inhibited by 500 uM BaCl,. The current-voltage relations (Lower) show
that the Ba?*-sensitive current rectifies strongly and reverses near —50 mV, indicating strong K* selectivity. (D) Bar graph plots the mean amplitude
of the baclofen-activated inwardly rectifying K* currents (at —120 mV) after normalization to the cell capacitance for the various mutants.
* indicates significant difference (P < 0.05) from +/+ using one-way ANOVA followed by Dunn’s post hoc test on ranks. Number of recordings
is indicated above bars. (E) Box plot shows the mean (solid bar), median (thin bar), 25th and 75th percentiles (box), and 10th and 90th percentiles
(capped error bars) for the reversal potential of the Ba?*-sensitive inward current. The mean reversal potential for the Ba?*-sensitive current was
=52 *3mV (n = 3) for +/+, =52 =3 mV (n = 9) for +/wv, =46 = 5mV (n = 8) for wv/wy, and —51 = 2 mV (n = 3) for —/— granule cells.
The mean amplitude of the agonist-independent basal current was —18.6 = 3.8 pA/pF for +/+, —35.1 * 6.6 pA/pF for +/wv, —=33.1 + 7.5 pA/pF
for wv/wv, —13.0 = 3.2 pA/pF for +/—, and —14.8 * 3.6 pA/pF for —/— granule cells. Granule cells isolated from wv/wv mice were cultured

with 100 uM QX-314 to delay the onset of cell death.

to inhibition by external Ba®"; however, this explanation is
unlikely because oocytes expressing GIRK2" channels gave
rise to nonselective inwardly rectifying currents that were
inhibited by Ba?". Alternatively, the Ba?>*-sensitive basal cur-
rent could arise from both G protein-sensitive nonselective
channels and G protein-insensitive inwardly rectifying K*
channels, making it difficult to measure the shift in selectivity.
In addition to GIRK1, GIRK2, and GIRK3 channels, the G
protein-insensitive inwardly rectifying K* channel IRK2 is
expressed in the mouse brain (47, 49). Thus, if both K*
selective and nonselective channels are present in wv/wy
granule cells, we would expect the currents to reverse at
membrane potentials more depolarized than Ex but vary
between —50 and 0 mV depending on the proportion of K*
selective to nonselective channels. Indeed, Surmeier et al. (33)
found that the ratio of the Ba?*-sensitive Na* current to the
Ba?*-sensitive K* current was more variable in wv/wy granule
cells than in +/+ granule cells.

Since the identification of a mutated GIRK2 channel in the
weaver mouse (26), considerable debate has been waged over

the mechanism by which mutant GIRK2"" channels lead to the
weaver phenotype; hypotheses have ranged from a loss of a
GIRK current (33, 34) to the expression of a novel nonselective
current (28) to other factors unrelated to GIRK2 expression
(32, 50, 51). In our experiments, the amplitude of the G
protein-activated inwardly rectifying K* current was severely
attenuated in granule cells isolated from both Girk2 —/—
mutant and from wy/wv mutant mice. Yet, the cerebellum in
Girk2 —/— mutant mice develops normally (23) and the
survival of isolated granule cells grown in vitro is not impaired,
in contrast to weaver mice. Thus, our results favor the hypoth-
esis that the change in K* selectivity of the GTP~yS-activated
GIRK current and possibly the agonist-independent basal
current is the cellular event that culminates in the weaver
phenotype in cerebellar granule cells. It remains to be deter-
mined whether the toxicity arises from excessive Na*t influx
and/or Ca?" influx due to mutant GIRK2" channels.
GIRK1-GIRK2 Heteromultimers May Underlie GABAg Re-
ceptor-Mediated Slow Inhibitory Postsynaptic Potential.
Girk2 —/— mutant cerebellar granule cells failed to show any
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GABAg receptor-activated inwardly rectifying K* currents,
but occasionally displayed a GTPyS-activated GIRK current.
The small GTPyS-activated current that remains in —/—
granule cells could arise from the formation of heteromultim-
ers that lack GIRK2 subunits, such as heteromultimers com-
posed of GIRK1 and GIRK3 channel subunits, but do not
couple efficiently to GABAg receptors. The association of
GIRK1 and GIRK2 channel subunits does occur in vivo
because antibodies directed against GIRK1 channel subunits
coimmunoprecipitate GIRK2 channel subunits in the cerebral
cortex, hippocampus, and cerebellum (19). In the Girk2 null
mutant mouse that lacks GIRK2 channel protein, a marked
reduction in GIRK1 channel protein (23) as well as a loss of
GABAGg receptor-activated currents in both the hippocampus
(52) and the cerebellum (this study) is found. Taken together,
these observations suggest that GIRK1-GIRK2 heteromultim-
ers form one of the major effectors for GABAg receptors.

What is the physiological significance of GIRK channel
activity in the brain? One clue comes from studies on hip-
pocampus where GABAg receptors have been implicated in a
slow inhibitory postsynaptic potential (53). Liischer et al. (52)
have found that hippocampal neurons no longer exhibit a slow
GABAg-mediated inhibitory postsynaptic potential in Girk2
null mutant mice. Thus, GIRK1-GIRK2 channels may be
primarily responsible for the postsynaptic inhibition mediated
by GABAg receptors in the mouse brain.
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