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Identification and characterization of Cs*-permeable
K+ channel current in the mouse cerebellar Purkinje
cells evoked by molecular layer stimulation in lobules

9 and 10
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The cerebellum consists of 10 lobules in mice which are distinguishable by
their anatomical and functional differences. For example, lobule 10 is known to
regulate the vestibular system. Purkinje cells (PCs) play critical roles in the
cerebellar function as they are the only neuron type which send output from the
cerebellum and as events of synaptic plasticity occur between parallel fibers and
PCs. However, the differences of the synaptic currents of PCs between lobules
have not been studied intensively so far. Thus, this study was started with the
investigation of lobule-specific differences of the slow synaptic current.

Cerebellar parasagittal slices (250 pm) were obtained from young mice
(postnatal days 14 - 18). PCs were identified by its large soma on the upright
microscope using IR-DIC CCD camera. PCs in lobules 3, 9 and 10 were
voltage-clamped at -70 mV by whole-cell patch clamp and slow synaptic
currents evoked by a tetanic stimulation (100 Hz, 0.1 s) of the molecular layer
(ML) were recorded.

Slow inward currents were observed in PCs similarly in lobules 3, 9 and 10.
The metabotropic glutamate receptor 1 (mGIluR1) is expressed in PCs and is
known to activate two signaling cascades, Gq-pathway and "mGIuR current”, by
a tetanic stimulation of parallel fibers in the ML. As expected, the recorded
inward current was inhibited by mGIuR1 antagonist, CPCCOEt (100 pM),
suggesting that mGIuR current was induced in all three lobules. In addition, a
slow outward current was observed ahead of the inward current in lobules 9 and
10, but hardly in lobule 3. This lobule-specific outward current was not blocked
by mGIuR antagonists. As it has never been reported before, he aimed to
identify the receptor(s) and the ion channel(s) underlying the current.

It is possible that the slow current is mediated by some types of metabotropic
receptors and downstream signalings, but a P2 purinergic receptor antagonist,
PPADS (10 uM) and an adenosine receptor antagonist, CGS15943 (10 puM) did
not inhibit it. An intracellular Ca®* chelator BAPTA (10 mM) did not affect it
even 15 min after whole-cell configuration was achieved. Notably, it was
significantly suppressed by a non-hydrolyzable GDP analog, GDP-8S (1 mM) in
the pipette solution, demonstrating an involvement of G-protein pathway.
Furthermore, the outward current was shown to be inhibited by metabotropic
GABAGg receptor antagonist, CGP55845 (1 uM), and the time to peak as well as
the decay time course was decelerated by GABA uptake inhibitor. These
results show that the slow outward current is mediated by GABAg receptor
activation evoked by GABA released from inhibitory interneurons in the ML.

He investigated then the origin of the lobule-specific difference of the slow
outward current focusing on three possible aspects, a cell density of
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interneurons in the ML, presynaptic properties and an expression level of
postsynaptic GABAg receptor. The density was estimated by using
GADG67-GFP knock-in mice, whose GABAergic neurons are fluorescent. The
cell density of interneurons in lobule 10 was significantly higher than that in
lobule 3. The paired-pulse properties which reflect the presynaptic features
were examined by recording GABAa receptor currents, but there was no
significant difference between lobules. The GABAg receptor expression level
analyzed by the outward current amplitude evoked by baclofen application was
significantly higher in lobules 9 and 10 than in lobule 3. Finally, the relative
current amplitudes between the GABAa receptor current by a single ML
stimulation and the GABAg receptor current by a tetanic stimulation at the same
position were compared in lobules 3 and 10. It was shown that GABAg current
relative to GABAAa one is significantly larger in lobule 10 than in lobule 3. Taken
together, the differences of the cell density of interneurons in the ML and GABAg
receptor expression level in PCs, at least partly, contribute to the difference of
the slow outward current amplitude between lobules.

Next, he aimed to identify the molecular entity of the involved ion channel. As
K* is the only ion to flow outward under the present recording condition, a sort of
K* channel(s) was speculated to play a role. However, the outward current was
inhibited neither by standard K* channel blockers, TEA (1 mM), Cs" (2 mM), nor
by Ca*-activated K* channel blockers Apamin (250 nM) (SK channel blocker),
Penitrem A (1 pM), Paxilline (10 pM), Verruculogen (1 pM) (BK channel
blockers). It is known that GABAg receptor activates G-protein coupled K"
(GIRK) channel in the hippocampal CA1 pyramidal cells and in the cerebellar
granule cells, but the GABAg receptor- mediated current in PC was not inhibited
by tertiapin-Q, a selective blocker of GIRK channels. It is noteworthy that the
outward Cs”™ current was recorded when a Cs’-based intracellular solution was
used, showing Cs” permeability of the channel.

One example of Cs* block insensitive- and Cs* permeable- K* channel is
two-pore K* (KCNK) channel. Therefore, he looked for KCNK channels
expressed in the mouse PCs by Allen Brain Atlas, an in situ hybridization
database, and found that KCNK13 channel is highly expressed. KCNK13
channel cDNA was isolated from the cerebellum by RT-PCR and was
characterized electrophysiologically in heterologous expression systems such
as CHO-K1 cells and Xenopus oocytes, focusing on the Cs* permeability and
the G-protein sensitivity.

KCNK13 channels expressed in CHO-K1 cells showed outward K* and also Cs”
currents by whole-cell patch clamp when K*- or Cs™- based intracellular solution
was used. Critical residues for Cs” block in the pore region are known for the
plant voltage-sensitive K* channel KAT1 (Thr 259) and the inward rectifying K*
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channel Kir2.1 (Thr 141). In KCNK13 channel, Ser 109 and Ser 236 in the two
pore regions were identified as equivalent residues by homology search, and a
S109T & S236T double mutant was made. It showed K" outward current with
the K'-based intra-cellular solution but no Cs” current with the Cs*-based one.
These results show that KCNK13 channel is a candidate of Cs*-permeable K* -
channel observed in PCs and that Ser 109 & Ser 236 define the
Cs*-permeability.

If KCNK13 channel can be activated upon GABAg receptor activation, a direct
activation by G-protein is postulated as a possibility, like the case of GIRK
channel by Gg,. It was reported that some KCNK channels can be modulated
by the downstream signaling of G-protein coupled receptors or by the direct
binding of Gaq, but there are no references describing the direct activation of
KCNK channel by Gg,. He, for the first time, observed in Xenopus oocytes that
KCNK13 channel current increases by co-expression of Gg,. By homology
analyses of reported Gg, binding motifs, two motifs were identified in KCNK13
channel: one in the amino-terminal (EDNA) and the other is in the
carboxy-terminal (SEMA) intracellular regions. In the motif-deleted mutants
and mutants with all four residues mutated to Ala, the current enhancement by
G, was not observed, showing that KCNK13 channel is a candidate effector of
GABAg receptor via Gg, subunits.

In summary, he recorded slow synaptic outward currents through Cs”
permeable K channels in the mouse cerebellar Purkinje cells of lobules 9 and
10 upon a tetanic stimulation of the ML, and determined that they are mediated
by GABAg receptor activation. Furthermore, he identified the two-pore K*
channel KCNK13 as a legitimate candidate for the Cs*-permeable K* channel
activated by GABAg receptor via Gy, subunits in the Purkinje cells.
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BrmXoBEXROEE

AT 10 O/ (lobule; L) HRRY . ZHH DEWIZ DWW TS S/ - Heers 2
MEHOINETELDOHAELIRZRINTWVE, LHELRMEZEEEZNTIENT T
A Bt (slow postsynaptic current; sPSC) DEWIZEFH L=FEITZ2V, BHFEHIL.
L3, L9, L10 TF ¥ = Hifd (PC) D sPSC AR, /WIS F B O & 5 E R
v, BEmoAmE sPSCIMA T, ThETTHREORVW—EHEDOHME sPSC N
L9 L LIO THEEBINDZEZRH L, KEMBIT, Z04mME sPSC L ENEHRD
AFrFrR2NVOHFEEZODVWTHRMLELDTH S,

P R EAT) b, GABABZA{E (GABASR) BRI D4 % sPSCIKELE LTS
TENTREINTE, EHIZ/NERMTO sPSC DEWIZOWTEREZITRW, IO FREIC
H5 GABAMEOMBIENTEMBOBZEEMN LI0 TL3 & L9 LV EWI &, baclofen IZ &
D GABABR #* " L TAELZ2EMREN LI, L10 TL3 IV L HFEBICKREVWI EZRHEL
oo EoT, THODEVHEALZRLEBE ST, DMERBTOIME sPSC DEWIZH
ELTWwWaREENRRINE,

—AXHJIZ GABABR 1X G EHE A BRAE N M X BIRME K+F v x v (GIRK) #{EH1T 2
B, PCIZIZ GIRK DEEY 72—y bTh5 GIRKI BRBEL TR LY. A& sPSC
ILBIRA GIRK FHEAI TH D tertiapin'Q I LK o TiIMEl Shiahrotz, EhsbmE
sPSCiX Cs*THEINT. L LA Cs*BREEZRLE, TUODOER LY, M & sPSC
X GIRKIZEVHDLATWAD TR, o KrF v X ABEEILS TV S TREEN
R I N, '

KCNK7 7 3 V=D KF ¥ XNVICIXCs*BBAUEELET 5 DR H Y . PC Tik KCNK13
PECER LTSI &b, KCNKI3 OFHEIZOWTORET %2, CHO-K1 Mgk L O
Xenopus SRBMIBORHEZE AV TV, U TOREEB7, KCNK13 i CsE @1k K+
F ¥ XA TH Y, Serl09 & Ser236 7% Cs*F B EERT I /B ThH5, KCNKI3 E
WL G D ERBUC L > TERSERES N, Gy SEAT 2 MBAETF—7 (EDNA &
SEMA) OERICE Y, ZTOBREHRPDENEERT S, MESN D Cstiz X o T GIRK B
HBEEaInEN, KCNK13 EMEB L GABABR EMIIFEIBE D Cs*THES RV, &
NODERERLY, KCNKI3 F v X3 PCIZBWT GABABR 2 L o CiEH{bah 3
CstZBRME K F v RV THDB I ENEMLI IR ENT, ,

BWY T 72AERITIEC G ERXEEZEROBEHLIEEWVW TSI EREBZIINHIERT
HY, kA RFAHFHREERL LTI EEILNTWANR, TOBBBEIXEETH,
EEORBRIIR+STHD, KHLIL, PC THLICHME sPSCE2RE L., TOER
ZHD K*F ¥ 3V CoBREEFTOHERTF v XL TH Y, KCNK13 ThH 2 Al
RENZLEFLE, 7 KCNK F ¥ RAR Gl L VA 2Z T 5L 0o L bHL
WHERTHD, > T, KimXix, MM E sPSC OMAEE L S THERICETIHL
WHIRZRLEZDOTHY , LRI ELTHEIC EVWLD L EZELEE K TRDE,
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