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Cerebellar cortical throughput involved in motor control
comprises granule cells (GCs) and Purkinje cells (PCs),
both of which receive inhibitory GABAergic input from
interneurons. The GABAergic input to PCs is essential for
learning and consolidation of the vestibulo-ocular reflex,
but the role of GC excitability remains unclear. We now
disrupted the Kcc2 K-Cl cotransporter specifically in either
cell type to manipulate their excitability and inhibition by
GABA sreceptor Cl™ channels. Although Kec2 may have a
morphogenic role in synapse development, Kcc2 disruption
neither changed synapse density nor spine morphology. In
both GCs and PCs, disruption of Kcc2, but not Kcc3, in-
creased [Cl ]; roughly two-fold. The reduced ClI™ gradient
nearly abolished GABA-induced hyperpolarization in PCs,
but in GCs it merely affected excitability by membrane
depolarization. Ablation of Kcc2 from GCs impaired conso-
lidation of long-term phase learning of the vestibulo-ocular
reflex, whereas baseline performance, short-term gain-de-
crease learning and gain consolidation remained intact.
These functions, however, were affected by disruption of
Kcc2 in PCs. GC excitability plays a previously unknown,
but specific role in consolidation of phase learning.
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Introduction

The cerebellum controls movements through a uniformly
patterned neuronal circuitry in the cerebellar cortex
(Figure 1A). GABAergic Purkinje cells (PCs) provide the
only output of the cerebellum (Eccles et al, 1967). PCs receive
excitatory input directly from climbing fibres, and indirectly
from mossy fibres through granule cells (GCs) whose axons
form the parallel fibre system. The activity of PCs and GCs is
controlled by inhibitory GABAergic interneurons, such as
stellate, basket, and Golgi cells (De Zeeuw et al, 2011).
These interneurons are also activated by parallel fibres and
give rise to a feedback and feedforward inhibition on GCs
through Golgi cells, and to feedforward inhibition on PCs
through stellate cells and basket cells (Figure 1A). The role of
inhibition on GC output and subsequently motor control
remains poorly understood (Gabbiani et al, 1994). While
feedforward inhibition modulates the timing and pattern of
PC activity (Hausser and Clark, 1997; Mittmann and Hausser,
2007; Santamaria et al, 2007; Wulff et al, 2009), feedback
inhibition of GCs is thought to filter their mossy fibre input
(Gabbiani et al, 1994). The functional roles of specific
inhibitory pathways in cerebellar circuits have been probed
by elimination of Golgi cells (Watanabe et al, 1998) and by
genetic disruption of PC GABA, receptor (GABA4R) subunits
(Wulff et al, 2009). Elimination of Golgi cells produced severe
acute motor disorders (Watanabe et al, 1998), whereas
chronic Purkinje cell-specific disruption of y2 GABAAR sub-
units led to mild impairment of baseline motor performance
accompanied by a dramatic deficit in motor learning and
consolidation of both amplitude and timing parameters
(Wulff et al, 2009).

Here, we take a different approach by changing the CI™
equilibrium potential of the two main target cells of synaptic
inhibition in the cerebellum. The electrical response of
GABA,Rs depends on the difference between the resting
membrane potential and the CI™ equilibrium potential.
Neuronal intracellular ClI~ concentration ([Cl7];) is mainly
determined by the opposing activities of Cl -extruding K-Cl
cotransporters (KCCs) and the Cl -accumulating Na-K-2Cl
cotransporter Nkecl (Blaesse et al, 2009). The change from
perinatal depolarizing GABA response to the hyperpolarizing
response in the adult CNS (the ‘GABA switch’) (Cherubini
et al, 1991; Ben-Ari et al, 1997) is correlated with a down-
regulation of Nkccl and an upregulation of Kcc2 (Rivera et al,
1999; Hiibner et al, 2001a, b; Stein et al, 2004; Pfeffer et al,
2009). Kcc2 is neuron specific and broadly expressed across
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Figure 1 Cell type-specific deletion of Kcc2 in the cerebellum. (A) Cerebellar neuronal circuitry. Input into the cerebellum is through mossy
fibres (MFs) and climbing fibres (CFs). GABAergic Purkinje cells (PCs) provide the only output. Inhibitory interneurons (SCs, stellate cells; BCs,
basket cells; GoCs, Golgi cells) generate feedforward inhibition on PCs (1) and granule cells (GCs) (2), as well as feedback inhibition on GCs
(3). Cell bodies in which Kcc genes were deleted are not filled and synapses that are expected to be attenuated in our mouse models are
highlighted in pink. (B) Targeted allele (Kce2'°%) of the Kce2 (Slc12a5) locus. Exons 2-5 were flanked by loxP sites (arrowheads). Exons are
indicated by black bars. E1, EcoRI restriction site used for genotyping by Southern blotting. (C) Western blots showing that Kcc2!°%/'°% mice
express the Kcc2 protein at WT levels (left) and that the anti-Kcc2 antibody is specific (right; no signal in Kce2™/~ mice). (D) Progression of
Kce2 expression on Purkinje cells from Kcc2!°%/'°% (control) and PC-AKcc2 mice, averaged over all regions in the vermis. PCs showing somatic
membrane staining were counted as positive cells (average + standard deviation, n=2, 1, 4, and 2 mice for P17, P21, P25, and P30, respectively
(for each genotype); ~200 cells counted per animal). Also in granule cells of the vermis, Kcc2 deletion was complete at P25. (E-L)
Immunofluorescent labelling for Kcc2 (green), parvalbumin (red), and nuclei (blue) (I-L) on sagittal sections of cerebellar cortex from adult
mice (scale bar: 40 um). (E, I) Kee2'°¥/'* mice (control). (F, J) GC-AKcc2 mice with specific Kec2 deletion in granule cells. (G, K) PC-AKcc2 mice
with specific deletion of Kcc2 in Purkinje cells. (H, L) PC;GC-AKcc2 mice with Kcc2 deletion in both PCs and GCs. Kcc2 expression remains in
cerebellar interneurons (G, H, arrows). Asterisks in (G, H) indicate PC somata.

the adult CNS (Stein et al, 2004). Kccl and Kcc3 are also
found in brain (Pearson et al, 2001; Mikawa et al, 2002; Wang
et al, 2002; Boettger et al, 2003), but their contribution to
neuronal Cl™ extrusion is unclear (Boettger et al, 2003). In the
cerebellar cortex, Kcc2 is present in GCs, PCs, and interneur-
ons (Williams et al, 1999; Stein et al, 2004; Takayama and
Inoue, 2006), whereas Kcc3 has been found only on PCs
(Pearson et al, 2001; Boettger et al, 2003). The neuronal
expression of Nkccl generally decreases postnatally
(Hibner et al, 2001a; Mikawa et al, 2002), but cerebellar
GCs retain substantial Nkccl expression throughout adult-
hood (Kanaka et al, 2001; Hiibner et al, 2001a; Mikawa et al,
2002).

To explore the role of synaptic inhibition in cerebellar
function, we specifically disrupted Kcc2 in GCs and PCs,
and Kcc3 in PCs. This circumvents the perinatal lethality
and CNS degeneration of constitutive Kcc2 (Hiibner et al,
2001b) and Kcc3 (Boettger et al, 2003) disruption, respec-
tively, and allows the assignment of phenotypes to specific
cell types. Whereas this work identifies Kcc2 as the major Cl™
extruder of both GCs and PCs, the effect of Kcc2 disruption on
the GABA response of either cell type was different. It
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strongly reduced the GABA-induced hyperpolarization of
PCs, but surprisingly the voltage response of GCs remained
virtually unchanged. This was a consequence of a constitu-
tive depolarization of Kcc2™/~ GCs by Cl™ currents through
GABAARs and glycine receptors (GlyRs). Possibly caused by
an increased excitability of constitutively depolarized GCs,
GC-AKcc2 mice could not consolidate their phase learning of
vestibulo-ocular reflexes. Our work reveals an unexpected
role of the [Cl™]; of GCs in cerebellar plasticity.

Results

Specific deletion of Kcc2 and Kce3 in cerebellar GCs
and PCs

To allow cell type-specific deletion of the K-Cl-cotransporters
Kcc2 and Kee3, we generated Kec2'°*'°% and Kce3'°*/'% mice
in which exons 2-5 and 5-6, respectively, were flanked by
loxP sites (Figures 1B and 2A; Materials and methods).
Kce2'°/'% mice expressed Kecc2 at wild-type (WT) levels
(Figure 1C) without a change in cellular and subcellular
localization (Hibner et al, 2001b; Figure 1E and I).

©2012 European Molecular Biology Organization
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Figure 2 Cell type-specific disruption of Kcc3 in Purkinje cells. (A) Targeted allele (Kce3'°%) of the Kcc3 (Slc12a6) locus. Exons 5 and 6 were
flanked by loxP sites (arrowheads). Exons are indicated by black bars. S, Spel restriction sites used for genotyping by Southern blotting.
(B) Western blots showing that Kec3'9%/1°% mice express the Kee3 protein at WT levels and the specificity of the Kec3 antibody. (C) In-situ
hybridization for Kcc3 mRNA of sagittal sections of cerebellar cortex from adult control, PC-AKcc3, and GC-AKcc3 mice. The probe is directed
against sequence of exons 5 and 6, which are flanked by loxP sites. Strong hybridization of the antisense probe is observed in Purkinje cells of
control and GC-AKcc3, but not of PC-Kce3 mice. The signal in GC-AKcc3 mice did not differ from Kce3'*/'% control. In the granule cell layer,
Golgi cells were positive for Kcc3, but no staining could be assigned to granule cells. No staining was observed with the control sense probe on

sections from Kce3'¥/1°% (control) cerebellum (scale bar: 100 ym).

Likewise, Kcc3 expression levels were normal in Kce3'ox/1ox

mice (Figure 2B).

These ‘floxed” mice were crossed with L7/Pcp2::Cre mice
(Barski et al, 2000) or with Aa6::Cre mice (Aller et al, 2003)
to disrupt Kccs specifically in PCs or GCs. These conditional
knockout (KO) mice will be named as PC-AKcc2, GC-AKcc2,
PC;GC-AKcc2, PC-AKcc3, and PC-A(Kcc2 + Kce3) for mice
lacking expression of Kcc2 and/or Kcc3 in either PCs or
GCs, respectively. These mice survived normally and had
no immediately visible phenotype.

Cerebellar expression of Kcc2 increases after birth (Stein
et al, 2004) and reaches adult levels between P20 and P30
(Figure 1D). Around P30, Kcc2 was robustly expressed in
neurons of the cerebellar cortex. Kcc2 expression was speci-
fically lost in GCs of GC-AKcc2 mice (Figure 1F and J), and in
PCs (marked by asterisks in Figure 1G and H) of PC-AKcc2
mice (Figure 1G and K). The combination of both Cre lines
deleted Kcc2 from both GCs and PCs (Figure 1H and L), but
not from interneurons (Figure 1G and H, arrows). As we lack
suitable Kcc3 antibodies for immunohistochemistry, we used
in-situ hybridization to show prominent Kcc3 mRNA expres-
sion in PCs that was abolished in PC-AKcc3, but not in
GC-AKcc3 mice (Figure 2C).

No change in synaptic morphology and function upon
Kcce2 disruption

Changes in intraneuronal Cl™ concentration during postnatal
development (the ‘GABA switch’) are believed to be impor-
tant for CNS development (Ben-Ari et al, 1997; Ben-Ari,
2002). Furthermore, Kcc2 was reported to promote spine
development by interacting with the cytoskeleton at synapses
(Li et al, 2007). However, adult GC-AKcc2, PC-AKcc2, and
PC;GC-AKcc2 mice displayed normal cerebellar histology
(Supplementary Figure S1) and a normal distribution of
inhibitory and excitatory synapses (Figure 3A). Biocytin-filled
PCs revealed no difference in morphology and length of
dendritic spines between WT and PC;GC-AKcc2 (Figure 3B
and C). We also did not detect morphological deficits at the
ultrastructural level (Figure 3D). The density of inhibitory
synapses in the GC and molecular layers (Figure 3E), the
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density of parallel fibre synapses and the morphology of their
PC spines were unchanged (Figure 3F). Consistent with a
normal number and function of both inhibitory and excita-
tory synapses, the frequencies of both miniature inhibitory
postsynaptic currents (mIPSCs; Figure 4A) and miniature
excitatory postsynaptic currents (mEPSCs; Figure 4B),
recorded in the presence of tetrodotoxin (to inhibit action
potentials) from PCs of control Kce2'°*/'°* and PC-AKcc2 mice
were undistinguishable. Spontaneous IPCSs (sIPSCs) and
EPSCs (sEPSCs) (measured without blockers) are influenced
by the spontaneous firing of neurons synapsing on PCs
(Figure 1A). Whereas there was no difference in sIPSC
frequencies between the genotypes (Figure 4C), the sEPSC
frequency of GC-AKcc2 PCs was marginally higher
(P=0.035) compared with control mice (Figure 4D), hinting
at a higher excitability of GCs lacking Kcc2.

Kcc2 is the major CI~ extruder of PCs

To examine the roles of Kcc2 and Kce3 in PC CI™ homeostasis,
we measured GABA-induced Cl™ currents using non-invasive
gramicidin-perforated patch-clamp technique between P25
and P65 in lobules 4-5 of the vermis when deletion of Kec2
was complete (Figure 1D).

The GABAAR agonist muscimol strongly hyperpolarized
PCs from (control) Kcc2'°/'°* mice. This response was greatly
reduced in PC-AKcc2 mice (Figure 5A). Egapa Was deter-
mined from the reversal potential of GABAAR currents
(Figure 5B and C). Egapa of PCs lacking Kcc2 was ~20mV
more positive than in controls (Figure 5C and D; Table I),
indicating a roughly two-fold increase in [Cl™]; when neglect-
ing the HCO;3; conductance of GABA,Rs (Kaila and Voipio,
1987). In PC-AKcc3 mice, Egapa Was undistinguishable from
littermate controls (Figure 5D). Likely due to different genetic
backgrounds, the shift in Egaga (~15mV; Figure 5D) was
smaller in double conditional KO (PC-A(Kcc2 + Kcc3)) than
between PC-AKcc2 and their respective littermates. The rest-
ing membrane voltage (V) of PCs was not affected by
disrupting Kcc2 or Kcec3 (Figure 5D; Table I). Hence Kcc2,
but not Kcc3, plays a major role in setting resting [Cl™];
of PCs.

The EMBO Journal
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The transport capacity of Cl™ extruders is not directly
reflected in steady-state [Cl7];. To investigate whether a
contribution of Kcc3 becomes apparent in assays for net
Cl™ transport, we examined Cl™ extrusion of PCs during
and after CI” loading (Jin et al, 2005; Zhu et al, 2005).
Depolarizing pulses were used to drive Cl™ into PCs through

A Control GC- AKcee2

VGLUT 1 VGAT

VGLUT 2

B Control

PC;GC-AKcc2

l g

B Control

=)

by " ‘\".." B

Molecular layer Granular layer

E Inhibitory synapses
. 4 GL ML
3 4 3 T
29 -
ol 2
S < 9
1) oF)
Sy

1220 The EMBO Journal VOL 31 | NO 5 | 2012

“n

Synapses
per 100 ym?

muscimol-activated GABA,Rs (Figure SE). Starting from dif-
ferent resting values (Figure 5D; Table I), [Cl]; increased
rapidly during the loading phase (Figure 5F). In control mice,
[CI"]; quickly reached steady state and then slightly de-
creased, possibly owing to an activation of Cl™ extruders
(Figure 5F). By contrast, [Cl™]; continued to increase slowly

PC- AKcc2 PC;GC- AKcec2

S 80
o ¥
% 60 - ¥
= L3
£ 40 1 « *Control
O 20 ¢ ¢PC,GC-AKce2
L
0 Hmmea : :
0 1 2 3
Length (um)

Purkinje cell
spines

Width (um)

©2012 European Molecular Biology Organization



in PCs lacking Kcc2 or both Kec2 and Kee3. At the end of a 1-
min muscimol washout period, control PCs had already
recovered their resting [Cl ];, whereas PCs of either PC-
AKcc2 or PC-A(Kcc2 + Kee3) mice similarly needed ~4 min
to reach their initial [Cl7];. In Kec3™/~ PCs, recovery of
resting [Cl]; was as fast as in control PCs (Supplementary
Figure S2). Thus, also this test failed to detect a contribution
of Kcc3 to Cl™ regulation, both in the absence and presence
of Kee2.

Kcc2-mediated CI- extrusion contributes to the resting
membrane potential in GCs

Whereas Egaga 0f PCs could be obtained by perforated patch
voltage-clamp measurements, this approach is problematic
with the small GCs due to high access resistance of the
smaller patch pipettes needed for these cells (Brickley et al,
1996). We instead resorted to cell-attached recordings of
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GABA,R currents (Tyzio et al, 2006) and voltage-gated K™
currents (Fricker et al, 1999) to determine the driving
force for ClI™ in the presence of GABA (DFgaga) and the
membrane voltage V, respectively (Figure 6). As Kcc3 was not
detected in GCs (Figure 2C), we only analysed Kcc2!°/'° and
GC-AKcc2 mice.

GABAR single-channel activity was detected in ~80% of
patches from control or GC-AKcc2 GCs (Figure 6A). They
were blocked when GABA,R blocker gabazine was included
in the pipette (Supplementary Figure S3A and B). DFgaga Was
determined as the potential where single-channel currents
reversed polarity. The slightly depolarizing action of GABA
(~7mV) agrees well with the one (~8mV) reported for rat
GCs (Brickley et al, 1996) and was confirmed in perforated
patch measurements under current clamp (Supplementary
Figure S4A). Surprisingly, it was not affected by the absence
of Kcc2 (Figure 6A; Table I).
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Figure 4 Frequency of miniature and spontaneous excitatory and inhibitory postsynaptic currents in Purkinje cells. (A) The frequency of
mIPSCs recorded from PCs in the presence of tetrodotoxin is not changed by PC-specific Kcc2 disruption, nor (B) is there a change in the
frequency of mEPSCs. The amplitudes of mEPSCs (control: 15.2 + 1.1 pA, n=11 cells and PC-AKcc2: 14.7 £ 0.8 pA, n =14 cells) and mIPSCs
(control: 50+ 5.8 pA, n=19 cells and PC-AKcc2: 62 +5.3 pA, n=15 cells) were not changed. (C) Spontaneous IPSCs and (D) EPSCs of PCs
measured without tetrodotoxin. Each panel shows representative traces (left) and diagrams (right) that display individual data points, with
mean values + s.e.m. indicated by solid and dashed lines. Control, Kcc2'°*/1% mice (P25-34).

Figure 3 Inhibitory and excitatory synapses appear unchanged upon cell-specific Kcc2 deletion. (A) Confocal sections of cerebellar cortex from
adult mice stained against VGAT (vesicular GABA transporter, green), VGLUT1 or VGLUT2 (vesicular glutamate transporter 1 and 2, green) as
marker for inhibitory or excitatory synapses reveal no differences between the genotypes. Co-staining against parvalbumin is shown in red
(ML, PCL, and GL, molecular layer, Purkinje cell layer, and granule cell layer, respectively). Scale bars: 40 pm. (B) Biocytin filling of PCs from
adult Kcc2'°¥'°% (control) (above) and PC;GC-AKcc2 mice (below) reveals no obvious difference in spine number and morphology.
(C) Cumulative distribution of PC dendritic spine lengths from control and PC;GC-AKcc2 mice. (D) Electron micrographs of the granular
layer (top panels) and molecular layer (bottom panels) of control mice, GC-AKcc2, PC-AKcc2, and PC;GC-AKcc2 mice (from left to right).
Arrowheads indicate symmetric synapses. Asterisks indicate synapses in glomeruli (granular layer) and asymmetric synapses in the molecular
layer. Scale bar: 500 nm. (E) The density of inhibitory synapses in granular layer glomeruli of GC-AKcc2 mice (n=4) was indistinguishable
from controls (n=4), as is that in PC-AKcc2 (n=4) and PC;GC-AKcc2 mice (n=4) (P=0.89, 1.0, and 0.99, respectively; one-way ANOVA).
The density of inhibitory and excitatory synapses onto Purkinje cells in GC-AKcc2, PC-AKcc2, and PC;GC-AKcc2 mice neither differed from
controls (P=0.97, 0.75, and 0.72, respectively; one-way ANOVA). (F) The density of parallel fiber (PF) synapses onto Purkinje cell spines in
control mice was indistinguishable from that in GC-AKcc2, PC-AKcc2, and PC;GC-AKcc2 mice (P=0.26, 0.99, and 0.18, respectively; one-way
ANOVA). Similarly, the width of Purkinje cell spine necks did not differ between controls, GC-AKcc2, PC-AKcc2, and PC;GC-AKcc2 mice
(P=0.82, 0.61, and 0.09, respectively; one-way ANOVA). Colour codes as indicated on top of panels in (D). Error bars, s.e.m.
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Figure 5 Role of Kcc2 and Kcce3 in setting [Cl™]; of Purkinje cells. (A) Effect of the GABAAR agonist muscimol on PC membrane voltage V from
control and PC-AKcc2 mice. (B) Currents elicited by puff application of muscimol to PCs of Kcc2'°*/1% (control) and PC-AKcc2 mice held at
different potentials (indicated left from traces; series resistance corrected) in the perforated patch configuration. (C) Determination of Egaga.
Maximum current after muscimol application plotted against voltage. The intersection of the fitted line with =0 gives Egapa. (D) Summary of
Vand Egaga. ‘Floxed” animals served as paired controls (number of cells indicated on bars). (E) Protocol to determine Cl~ extrusion following
intraneuronal Cl™ loading. A series of voltage ramps (500 ms, from —110 to —40mV) combined with a 50-ms application of 50 pM muscimol
(arrows) was used to determine changes in Egaga during the loading phase (for 60 s, puff application and voltage ramps at 0.2 Hz, each ramp
followed by a 400-ms step to 0mV) and the recovery phase (one muscimol puff/minute). The first voltage ramp (t = —5s) was not combined
with muscimol application. Analysis of the recovery phase started 60 s after the loading phase (t=120s). (F) Time course of Egaga during and
after Cl™ -loading phase for PC-AKcc2 mice (n =7) and control littermates (n=>5), and PC-A(Kcc2 + Kcc3) mice (n=6) and control littermates
(n=75). Coloured background displays initial Egapa 0f each genotype and asterisks significant differences between PC-AKcc2 and control mice.
Plots display averages +s.e.m. Age of mice: P25-P65.

Table I Effect of Kcc2 deletion on resting membrane potential V, Egapa, driving force for GABAergic currents (DFgapa) and estimated
intracellular C1~ concentration ([Cl ];) in granule and Purkinje cells

Granule cell Purkinje cell
Kec2t/+ Kee2 ™/~ A Kec2t/+ Kec2™/~ A
V (mV) —86.3+2.2 (22) —-71.3+1.9 (39) 15.0+£2.9 —63.1£0.6 (32) —64.5+0.5 (27) -1.4+0.8
Egaga (mV) —-79.1+2.3 —64.3+1.9 14.5+3.2 —94+1 (16) —75+3 (13) 19+3.2
DFgaga (mV) 7.2+0.6 (11) 7.0£0.3 (15) —02+1.2 —30.9+1.2 ~10.5+1.1 20.4+1.6
Estimated [C]™]; (mM) 5.6%1.0 10.1£1.5 45+1.8 3.2%0.1 6.6%1 341

[Cl7]; was estimated from Egapa and [Cl ], using the Nernst equation, but neglecting the HCO3 permeability of GABA receptors. These values
are therefore given as estimates. Values represent arithmetic means * s.e.m., with number of measurements given in brackets. A, Difference
between respective values of Kcc2*/* (control) and Kcc2™/~ mice. Age of mice: P25-65 (PCs) and P30-62 (GCs).
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Figure 6 Kcc2 deletion in granule cells alters resting V, but not the Cl™ driving force (DFgaga). (A) Cl™ driving force determined by currents
through GABA 4 receptors in cell-attached recordings. Top: single-channel recordings at different pipette voltages from Kcc2'®*/1* (control) and
GC-AKcc2 GCs. ‘c’, closed state. Below: mean single-channel currents as function of V. Linear regression (line) shows that Kcc2 deletion does
not change the Cl™ driving force (arrow). Single-channel conductance and mean open time were similar for both genotypes (18.4 £ 0.3 and
18.3+£0.4pS, and 0.40 + 0.02 and 0.41 £ 0.02 ms for control and GC-AKcc2, respectively). (B) V determined from Ky channel currents measured
in cell-attached mode measured from other GCs of the same cerebellar region. Typical recordings for a GC-AKcc2 (green) and control (black)
GC. The intersection of a linear fit to the linear (‘leak’) current (from ~ + 70 to +20mV) with recorded outward currents gives V. Below:
voltage protocol. (C) Vof GCs from GC-AKcc2 mice and control littermates in the absence or presence of blockers for GABA,Rs (picrotoxin and
gabazine, 100 uM each), GABA4Rs + GlyRs (additionally 1 uM strychnine), and Nkecl (10 uM bumetanide). Data are mean * s.e.m. Number of
experiments: ‘no blockers’ (n=22, control; n=39, GC-AKcc2), picrotoxin+ gabazine (n=12, control; n=19, GC-AKcc2), picrotox-
in 4 gabazine + strychnine (n=9, control; n=11, GC-AKcc2), and bumetanide (n =26, control; n =27, GC-AKcc2). Age of mice: P30-P62.

To determine the resting V, voltage ramps from + 130 to
—200mV were applied to cell-attached GC patches (Fricker
et al, 1999). The reversal potentials of elicited K, currents
correspond to V as the K* concentration of the pipette
solution (155 mM) mimics intracellular [K*] (Fricker et al,
1999; Figure 6B). Kcc2 disruption depolarized GCs by
~15mV (Table I). These values were confirmed by perfo-
rated patch current-clamp measurements (Supplementary
Figure S5). From these values and Egaga =DFgapa +V, we
deduce that [Cl™]; of GCs increased about two-fold upon Kcc2
disruption (Table I).

The finding that V closely followed changes in Egapa
indicated that GCs display a sizeable CI™ conductance at
rest. As GCs are tonically inhibited by ambient GABA
(Brickley et al, 2001), we blocked GABAAR Cl™ channels

©2012 European Molecular Biology Organization

with gabazine and picrotoxin. This did not significantly
change V of control GCs, but cells lacking Kcc2 were hyper-
polarized to voltages similarly to those of controls
(Figure 6C). With conjoint blockage of GlyRs and
GABAARs, GCs of both control and GC-AKcc2 mice were
hyperpolarized to V=-95.6+2mV and V=-92.1+4.9mV,
respectively (Figure 6C). Thus, both GABA,Rs and GlyRs
influence the resting potential of GCs.

These results, together with the value of Egapa, which was
slightly positive to V (Table I), indicated a depolarizing ClI™
efflux in GCs. Even control cells hyperpolarized when both
receptors were blocked, indicating that [Cl"]; is above equili-
brium even in the presence of Kcc2—a result agreeing with
the depolarizing effect of applied GABA. As the Cl -loader
Nkecl is robustly expressed in GCs (Supplementary Figure
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Figure 7 Spontaneous spiking of Purkinje cells in sagittal cerebellar slices of adult (11-21-week-old) mice. (A) Representative traces (left) and
ISI histograms (right) of PCs recorded at room temperature in the absence of inhibitors in loose cell-attached patches from PC-AKecc2 mice and
control littermates (upper traces) and GC-AKcc2 mice and control littermates (lower traces). (B) The coefficient of variation of interspike
interval (CV) for PC-AKcc2 mice (n=36, average frequency: 21.6 £+ 2Hz), GC-AKcc2 mice (n=55, 14.4 + 1 Hz) and their respective control
littermates (n=33, 16.6*2Hz and n=50, 12.7+1Hz). The plot shows averages (black horizontal lines)+s.e.m. (Boxes) (ISI
CV=0.159£0.015 and 0.097 £0.012 for control and PC-AKcc2 mice, respectively; P<0.05, t-test) (ISI CV=0.096 £ 0.007 and 0.145 + 0.009
for control and GC-AKcc2 mice, respectively; P<0.0001). Individual measurements are shown as circles. Most likely differences in genetic

background underlie the difference between control ISI CVs.

S6), we blocked this transporter with 10 uM bumetanide.
At this concentration, bumetanide has no effect on
GABAARs of GCs (Korpi et al, 1995; Hamann et al, 2002).
Bumetanide hyperpolarized GC-AKcc2 GCs to close control
values (Figure 6C; Supplementary Figure S4A) and strongly
reduced muscimol-induced depolarizations in GCs of both
GC-AKcc2 and control mice (Supplementary Figure S4A). In
GC-AKcc2 mice, Nkecl-driven intracellular CI™ accumulation
is not counterbalanced by the Cl™ extruder Kcc2. Therefore,
we expect a higher intracellular ClI™ concentration that should
increase the chemical gradient for ClI™ efflux, resulting in
larger depolarizing Cl~ currents through tonically active
GABA and glycine receptors. Indeed, pharmacological block-
ade of these receptors hyperpolarized GC-AKcc2 GCs more
than control cells (Figure 6C). K2P K* channels, which are
highly expressed in GCs and are responsible for their rather
negative V (Duprat et al, 1997; Karschin et al, 2001; Aller
et al, 2005), may mediate this hyperpolarization.

In conclusion, the deletion of Kcc2 in GCs does not change
their slightly depolarizing GABA response that may lead to a
shunting inhibition in either genotype. However, the depolar-
ization of Kcc2™/~ GCs indicates that they may be more
excitable than control GCs, agreeing with the higher fre-
quency of sEPSCs in PCs of GC-AKcc2 mice (Figure 4D).
While muscimol by itself induced action potentials neither in
WT nor in GC-AKcc2 GCs (Supplementary Figure S4A), we
needed to inject less depolarizing current into Kcc2 ™/~ GCs to
elicit action potentials (Supplementary Figure S4B).

Spontaneous spiking of PCs

To investigate whether the disruption of Kcc2 in GCs or PCs
affects the electrical output of the cerebellar cortex, we
investigated the spontaneous firing of PCs in slice prepara-
tions. The frequency of firing was similar between PCs from
PC-AKcc2, GC-AKcc2, and corresponding control littermate
mice (Figure 7). However, the regularity of PC firing, mea-
sured as the coefficient of variation of the interspike interval
(ISI CV), was significantly reduced in PC-AKcc2 mice,
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indicating a higher firing regularity (Figure 7A and B). By
contrast, and in line with an increased excitability of GCs
(Wulff et al, 2009), spontaneous firing of PCs from GC-AKcc2
mice was more irregular compared with control littermates
(Figure 7B).

Effect of GC- and/or PC-specific Kcc2 deletion on
learning and consolidation

None of the mutants showed any overt sign of motor deficits.
To assess cerebellar motor performance, we tested
compensatory eye movements in GC-AKcc2, PC-AKcc2, and
PC;GC-AKcc2 mice in comparison with their control litter-
mates. GC-AKcc2 mice did not show any significant deficit in
the gain (amplitude) or phase (timing) of their optokinetic
reflex (OKR), vestibulo-ocular reflex (VOR) in the dark, or
vestibulo-ocular reflex in the light (visual VOR or VVOR)
(Figure 8A-C). In contrast, both the PC-AKcc2 and PC;GC-
AKcc2 mice showed a small, but significant, decrease in the
gain of their OKR compared with controls (Figure 8A), while
PC;GC-AKcc2 mice also revealed a significant phase lag
during OKR, VOR as well as VVOR (Figure 8A-C).

Next, we investigated the impact of Kcc2 ablation in GCs
on short-term and long-term motor learning and consolida-
tion, by subjecting the mice to VOR adaptation paradigms.
Short-term learning was induced by providing mismatch
vestibular and visual stimulation during five 10-min sessions
with in-phase table and drum rotation (both 5° amplitude
at 0.6Hz), effectively inducing a decrease of the VOR gain.
GC-AKcc2 mice did not show any deficit during this short-
term, gain-decrease learning (Figure 8D). In contrast,
PC-AKcc2 and PC;GC-AKcc2 mice showed a significant im-
pairment in VOR decrease learning compared with controls
(Figure 8D), that appeared not to be related to the L7/pcp2-
promotor induced retinal Cre expression (Supplementary
Figure S7). When we measured the VOR the next day after
keeping the animals overnight in the dark, gain consolidation
in GC-AKcc2 mice was comparable to that of controls
(Figure 8E, left panel). Here too, PC-AKcc2 and PC;
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Figure 8 Motor performance (A-C), learning and consolidation (D-G) in Kcc2 mutant mice. (A-C) Compensatory eye movements in adult
control (n=8), GC-AKcc2 (n=8), PC-AKcc2 (n=8), and PC;GC-AKcc2 (n = 10) mice. Mice were subjected to visual (OKR) and/or vestibular
stimulation (in dark, VOR; in light, VVOR) and gain (ratio of eye to stimulus velocity) and phase (difference in degrees between eye and
stimulus) were calculated. (A) OKR gain was not affected in GC-AKcc2 mice (P=1.00), but was significantly lower in PC-AKcc2 and PC;GC-
AKcc2 mice than in controls (P=0.015 and 0.035, respectively). (B) VOR gain values did not differ between Kcc2 conditional KO and control
mice (all P>0.9). (C) VVOR gain values did not differ among Kcc2 mutants and control mice (P=0.716, 0.369, and 0.074 for GC-AKcc2, PC-
AKcc2, and PC;GC-AKcc2 mice versus controls). PC;GC-AKcc2 mice revealed a significant phase lag in OKR (P =0.002), VOR (P =0.006), and
VVOR (P=0.001), whereas the other mutants did not (all P>0.14 and >0.24 for GC-AKcc2 and PC-AKcc2 mice, respectively). (D) Short-term
VOR gain-decrease learning was not impaired in GC-AKcc2 (n = 10) compared with control (n =9) mice (P =0.74; repeated measures ANOVA),
whereas PC-AKcc2 (n=10) and PC;GC-AKcc2 (n = 10) mice showed a significant impairment (P<0.005 and 0.001, respectively). (E) Likewise,
gain consolidation (calculated as 100% - (a-c)/(a-b)) overnight was not affected in GC-AKcc2 mice (P=0.99 versus controls; one-way
ANOVA), whereas PC-AKcc2 and PC;GC-AKcc2 showed a significant deficit in gain consolidation (P=0.030 and 0.025, respectively). (F, G)
VOR phase reversal training induced a significant phase change in GC-AKcc2 mice during each consecutive day (P<0.005 for days 2-5, paired
Student’s t-test). However, from day 4 onwards their VOR phase reversal was impaired compared with controls (P=0.015 and <0.001 on days
4 and 5). This difference is the result of the inability of GC-AKcc2 mice to consolidate their phase learning overnight (right panel in (E);
P=0.007; Student’s t-test). Due to their deficits in VOR gain learning and consolidation, PC-AKcc2 and PC;GC-AKcc2 mice were also unable to
reverse their VOR phase (P<0.001 on day 5 for both mutants versus controls). Error bars denote s.e.m., all P-values are based on repeated
measures ANOVA unless stated otherwise.

GC-AKcc2 mice showed a significant deficit, suggesting that Discussion

inhibition provided by the molecular layer interneurons Wei . d the role of GABAereic inhibition i bell
rather than the excitability of GCs contributes to gain con- ; € 1gvesggatel t.e rlo elo . hergllcim ! dl,uon 11 cerebetiar
solidation (Wulff et al, 2009). unction by selectively altering the Cl~ gradient across mem-

branes of GCs and PCs. A rise in [Cl™];, as observed with
disruption of the Cl -extruding K-Cl cotransporter Kcc2, is
expected to decrease the inhibition by GABA. This was
indeed observed when Kcc2 was disrupted in PCs, but not
in GCs, whose resting V depended on Cl . Different sets of
aspects of cerebellar learning were affected when increasing
[CI7]; in GCs or PCs. In spite of the presumed role of Kcc2 in
neuronal development and morphogenesis, we observed no
structural defects upon cell type-specific Kcc2 deletion.

Finally, we subjected the mice to a long-term VOR phase
reversal training paradigm, which allows the identification of
deficits in the adaptation of timing of movements (Wulff et al,
2009). In this paradigm, the mice are subjected, after the first
day of gain-decrease training, to in-phase table (5° at 0.6 Hz)
and drum stimulation with drum amplitude increasing to 7.5°
on day 2 and 10° on days 3-5 (all at 0.6Hz), effectively
causing a reversal of the VOR phase (Figure 8F and G).
Although GC-AKcc2 mice were able to significantly modify
their VOR phase on each training day, their VOR phase

adjustment was impaired compared with controls from day Kcc2 and neuronal development

4 onwards. The explanation for this observation can be found In addition to affecting neuronal excitability by raising [CI " ];,
in the fact that the GC-AKcc2 mice, in contrast to controls, disruption of Kcc2 might also have changed neuronal mor-
were not able to consolidate their phase learning overnight phology. A depolarizing GABA response during early devel-
(P=0.007; Student’s t-test) (Figure 8E, right panel; opment is thought to be important for neuronal development
Figure 8G). PC-AKcc2 and PC;GC-AKcc2 mice were, in line (Ben-Ari, 2002). In most parts of the rodent CNS, the ‘GABA
with their deficits in VOR gain learning and consolidation, switch’ from depolarizing to hyperpolarizing GABAAR re-
unable to reverse the phase of their eye movements. Together, sponses takes place during the first few weeks after birth.
these data indicate that the control of excitability of GCs The switch is caused by a decrease of intraneuronal [C]1™] that
contributes to phase learning and is necessary for its changes the direction of Cl~ fluxes from outward to inward.
consolidation. During that period, glutamatergic synaptic transmission
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occurs almost exclusively through NMDA receptors that need
a depolarization to be relieved from their Mg>* block. The
depolarizing GABA response during early development is
thought to provide this initial depolarization, with Ca®*
influx through NMDA receptors potentially impinging on
neuronal gene transcription and development (Ben-Ari
et al, 1997). Indeed, premature lowering of intraneuronal
[CI7] in tectal neurons of Xenopus by Kcc2 expression blocks
their AMPA-R mediated retinotectal transmission (Akerman
and Cline, 2006), and premature expression of Kcc2 in rat
ventricular progenitors and cortical neurons impaired
morphological maturation (Cancedda et al, 2007). Global
disruption of the Cl -loader Nkccl, which also decreases
GABAergic excitation, drastically reduces the maturation of
glutamatergic and GABAergic transmission in the hippocam-
pal CAl region without affecting brain morphology (Pfeffer
et al, 2009).

Kcc2 disruption, by contrast, would increase rather than
decrease the extent of GABAergic excitation, and would pro-
long or perpetuate the period during which it is observed.
The perinatal lethality of Kcc2™/~ mice (Hiibner et al, 2001b)
precludes an analysis at time points when Kcc2 reaches its
adult expression levels in the WT. Our present data now show
that reduced GABAergic inhibition of PCs has no detectable
effect on their morphology.

On the other hand, Kcc2 was described as a key factor in
the maturation of dendritic spines independent of its ion
transport function (Li et al, 2007). The C-terminus of Kcc2
was shown to interact with the cytoskeleton-associated pro-
tein 4.1N. In cultures of cortical neurons, and to a lesser
extent in brain from mice estimated to express only 17% of
WT Kcc2 levels, drastic changes in (glutamatergic) spine
morphology and a significant reduction in the number of
functional synapses were observed (Li et al, 2007). The latter
observation was confirmed by an ~2-fold reduction in
mEPSC frequency (Li et al, 2007). By contrast, we observed
changes neither in synapse number, spine morphology, nor in
the frequency of mEPSCs and mIPSCs of PCs lacking Kcc2.
It remains to be determined whether the effects of Kcc2
described by Li et al (2007) is cell type specific, can only be
observed in cell culture but not in vivo, or whether this effect
is suppressed when Kcc2 is deleted from only a sub-popula-
tion of neurons, as in the present mouse models. Another
difference to the study of Li et al (2007) is the fact that in our
work Kcc2 was disrupted by Cre-mediated exon excision
during the first weeks after birth. Interestingly, when Kcc2
was knocked down by siRNA in neurons after 14 days in
culture, only subtle changes in spine morphology were ob-
served (Gauvain et al, 2011). By contrast, the number of
synapses was changed in constitutive Kcc2 ™/~ mice already at
embryonic stages (Khalilov et al, 2011). Hence, the onset of
Kcc2 deletion may determine its influence on the number
and morphology of synapses. In any case, our detailed
morphological analysis excludes morphological effects as an
explanation for the observed (patho-)physiological effects of
Kce2 deletion.

Intracellular CI" homeostasis in cerebellar PCs and GCs
The cytoplasmic Cl™ concentration is of particular impor-
tance for neurons, since it determines their response to GABA
and glycine. In immature neurons, [Cl™]; is above electro-
chemical equilibrium and accordingly opening of GABAARs
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or GlyRs entails a depolarizing Cl™ efflux that may even be
excitatory (Cherubini et al, 1991) and which is believed to be
important for brain development (Ben-Ari et al, 1997; Ben-
Ari, 2002). Upon maturation, most CNS neurons develop an
inhibitory response to GABA, because the increased expres-
sion (Stein et al, 2004; Ludwig et al, 2011) or activation (Tyzio
et al, 2006; Rinehart et al, 2009) of Cl™ extruding transporters
lower their [CI"];. There is consensus that the K-Cl cotran-
sporter Kcc2 is the main CI™ extruder of neurons (Rivera et al,
1999; Hiibner et al, 2001b). Our work establishes Kcc2 as the
main Cl™ extruder for PCs and GCs.

Unexpectedly, the GABA response of PCs lacking Kcc2
remained slightly hyperpolarizing, implying that their [Cl"];
stayed below electrochemical equilibrium. Other transporters
which are potentially able to extrude Cl™ include Kcc3 and
Na*-coupled Cl"/HCOj; exchangers that exploit the Na™
gradient for extruding Cl~ against its gradient. The prime
candidate was Kcc3, as it is robustly expressed in PCs
(Boettger et al, 2003). Although previous work showed that
the constitutive disruption of Kcc3 lowers [Cl7]; in PCs at
P12-P14, the main role of Kcc3 in neurons may be cell
volume regulation (Boettger et al, 2003). Using mice older
than P25, we found no significant effect of Kcc3 on [Cl™]; of
PCs even when they lacked Kcc2. Hence, the identity of the
other putative Cl~ extruder of PCs remains unclear, but may
be represented by the Na*-coupled Cl"/HCO; exchanger
SLC4A10 which is robustly expressed in PCs (Jacobs et al,
2008).

In contrast to PCs, GCs responded to GABA with a slight
depolarization that may cause a shunting inhibition (Brickley
et al, 1996). Depolarization by axonal GABA,Rs was recently
reported to be strong enough to increase GC excitability
(Pugh and Jahr, 2011). Our data indicate that [Cl ]; is slightly
above electrochemical equilibrium also at GC cell bodies,
although Kcc2 is active in these cells as revealed by the ~2-
fold increase of [Cl™]; upon Kcc2 disruption. Even if GCs
would express only Kcc2 and no Cl™ loader, the very negative
resting potential of GCs (~—80mV) will strongly reduce or
even inverse the driving force for Cl™ exit, since the thermo-
dynamic equilibrium of K-CI cotransport is voltage indepen-
dent. However, the effects of bumetanide and antagonists of
GABAARs and GlyRs showed that also the Cl -loader Nkccl
and a CI™ conductance mediated by GABAsRs and GlyRs,
respectively, contribute to GC CI~ homeostasis. It may seem
counterintuitive that Cl™ loaders and extruders are active in
the same cell, but this situation is not unprecedented (Rust
et al, 2006) and may serve to finely regulate [C]l™];, the resting
membrane potential and the electrical excitability of GCs in
an active push-pull fashion.

Effects of Kcc2 disruption on cellular signal transduction
The disruption of Kcc2 strongly reduced the GABA-induced
hyperpolarization of PCs and should therefore decrease the
strength of inhibitory synaptic input. The remaining small
hyperpolarization, together with the increased membrane
conductance, may suffice for a weak shunting inhibition of
PCs. However, the ability of PCs to extrude Cl~ was strongly
reduced in the absence of Kcc2, as revealed by our Cl -
loading experiments. Hence, in particular during repetitive
GABAergic stimulation at PC dendrites, there may be a
considerable increase of dendritic C1~ that may further reduce
synaptic inhibition. Thus, it is not surprising that the
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impairments in vestibulo-ocular learning and consolidation
are virtually identical to those observed with a PC-specific
disruption of GABAARs (Wulff et al, 2009).

The situation with GCs is more complex and more reveal-
ing. We were surprised to find that the electric response to
GABA, a slight depolarization, was essentially the same when
Kce2 was lacking. Whereas this may suggest minimal effects
on synaptic inhibition of GCs, we observed robust behaviour-
al effects. This is probably a consequence of GC depolariza-
tion. In contrast to PCs, GCs express highly sensitive and non-
inactivating os0-containing GABAARs (Laurie et al, 1992;
Saxena and Macdonald, 1996; Brickley et al, 2001; Rossi
et al, 2003; Hadley and Amin, 2007) and display tonic
inhibition by ambient GABA (Brickley et al, 1996) which
may come from their Golgi cell input (Brickley et al, 1996) or
from glia (Lee et al, 2010). The constitutive depolarization
upon Kcc2 disruption renders GCs more excitable by lowering
the threshold for depolarizing currents to elicit action poten-
tial firing, and possibly additionally by partially releasing the
Mg*" block of their NMDA receptors. Lowering the spiking
threshold leads to potentiation of intrinsic excitability of GCs
(Armano et al, 2000), and the NMDA receptors are implicated
in the induction of presynaptic long-term potentiation at the
mossy fibre to GC synapse (D’Angelo et al, 1999). Thus, it
is likely that various forms of plasticity are affected in
GC-AKcc2 mice, and that, as a consequence, their GCs
produce additional spikes. Interestingly, a higher GC output
can indeed be associated with an increase in irregularity of
PC simple spike firing (Wulff et al, 2009) as observed in the
current study.

Impact of cell-specific Kcc2 deletion on vestibulo-
cerebellar function

We found that PC-specific deletion of Kcc2 decreased the
efficacy of their inhibitory synaptic input and affected the
ability to adjust and consolidate the gain and phase of the eye
movements during visuovestibular mismatch training. These
findings are in line with the VOR adaptation deficits that can
be observed following PC-specific ablation of GABAxRs
(Wulff et al, 2009). In contrast, the Kcc2 deletion from GCs
resulted in a selective, but profound disruption of long-term,
overnight phase consolidation, while both the gain and phase
of the optokinetic and vestibular responses remained intact.
Notably, mice with impaired induction of long-term potentia-
tion at the mossy fibre to GC synapse displayed a similar
deficit in the consolidation of VOR phase reversal (Andreescu
et al, 2011). We also found that the PC;GC-AKcc2 mutants
were the most affected group in that both their baseline
motor performance and motor learning were severely
compromised. This is probably due to the cumulative effect
of decreasing the inhibitory synaptic input to PCs, while
increasing the excitatory parallel fibre activation at the
same time.

Impact of GC-specific Kec2 deletion on PC output

Inhibition from molecular layer interneurons onto PCs has
little impact on simple spike firing frequency. Instead, both
chemical blockade (Hausser and Clark, 1997) and genetic
(Wulff et al, 2009) disruption of GABAARs predominantly
affect the regularity of firing. Here, we used an alternative
mechanism to eliminate the hyperpolarizing effect of
GABAergic stimulation, by altering the Cl™ gradient across
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the membrane. In line with previous results (Wulff et al,
2009), PCs showed an increase in regularity, indicating that
Cl™ is the main contributor to the GABAergic control of PC
regularity. Notably, the deletion of Kcc2 in cerebellar GCs had
a reverse effect on PCs, causing them to fire more irregularly.
We hypothesize that GCs, that are more excitable due to the
lower action potential firing threshold, cause an increase in
parallel fibre activity that enhances the frequency of both
excitatory and inhibitory inputs to PCs. This corrupted input
would then in turn lead to less regular firing (see model in
Waulff et al, 2009). An increase in PC irregularity also occurs
in the tottering mutant mice, which have a mutation in their
voltage-gated P/Q-type calcium channels (Hoebeek et al,
2005). Tottering PCs have strong irregularities in their simple
spike firing and large deficits in oculomotor control and
baseline motor performance (Hoebeek et al, 2005; Stahl
et al, 2006). By contrast, a mild increase in PC simple spike
irregularity due to an increased excitability of GCs results in a
more specific phenotype, in that particularly consolidation of
the phase during reversal learning is affected.

A change in the regularity of PC simple spike firing may
result from insufficient diversity of GC codings in the tempor-
al domain. If this diversity is insufficient, climbing fibre
driven plasticity imposed in the molecular layer cannot be
used to efficiently select proper codings carried by the parallel
fibres, simply because there may not be a sufficient number
of proper parallel fibre codings generated in the granular
layer that can be selected from De Zeeuw et al (2011).

In short, we conclude that Kcc2 cotransporters in cerebel-
lar GCs serve to control their level of excitability, and that this
level is critical to determine spatiotemporal patterning of
simple spike activity in PCs, which in turn appears necessary
for consolidation of phase learning. Importantly, and in
contrast to the postulated morphogenic role of Kcc2 in
neuronal development (Li et al, 2007), our study also
shows that disruption of Kcc2 has no effect on neuronal
morphology and synapse formation in vivo.

Materials and methods

Mice

All animal experiments were approved by LaGeSo, Berlin, Germany
or bY the DEC, Utrecht, Netherlands. Generation of Kcc2'9/'°% and
Kec3'°¥1°% mice followed standard procedures and is detailed in
Supplementary Methods. Kcc2'°/'% and Kce3'/'°% mice were
crossed with L7/Pcp2::Cre mice (Barski et al, 2000) and Aa6::Cre
mice (Aller et al, 2003) to delete Kccs in PCs and GCs, respectively.
Animals were kept on a mixed genetic background and littermates
were used as controls. Neither insertion of loxP sites, nor
expression of Cre-recombinase itself had an impact on membrane
voltage V or Egagpa.

Antibodies

The following antibodies were used: rabbit anti-Kcc2 (C-terminal
peptide: KNEREREIQSITDESC), rabbit anti-Kcc3 (Boettger et al,
2003), mouse anti-VGAT guinea pig anti-VGLUT1, rabbit anti-
VGLUT2 (all from Synaptic Systems), mouse anti-calbindin 28kd
(Sigma), rabbit anti-calbindin D9k (Swant), and mouse anti-
parvalbumin (Swant). Secondary antibodies were coupled to Alexa
Fluor 488 or 555 (Molecular Probes). Nuclei were labelled using
ToPro-3 (Molecular Probes).

Histology, immunohistochemistry, and biocytin labelling

In all, 50 pm sagittal floating sections from fixed cerebella (4 % PFA)
were cut using a sliding microtome (Microm, HM 430). Immuno-
histochemistry and histology were performed as described (Hiibner
et al, 2001b).
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PCs were filled with biocytin by whole-cell patching with a
pipette solution containing 10 mM biocytin and post-fixed in 4%
PFA. Biocytin was visualized using Alexa 555-Streptavidin (Mole-
cular Probes) using confocal microscopy. Dendritic spine length
from shaft to the most distal part was quantified with the NeuronJ
software.

Electron microscopy

Electron microscopy on ultrathin sections was done as described
previously (De Zeeuw et al, 1989; Andreescu et al, 2007). For
details, see Supplementary Methods.

In-situ hybridization

Sense and antisense digoxigenin-UTP-labelled riboprobes (DIG
RNA labeling Mix, Roche) were generated with T7 or SP6 RNA
polymerase (Roche), respectively, from a linearized Kcc3 mouse
cDNA clone (bps 146-1056) or from an Nkccl cDNA (bps 2246-
2761). In-situ hybridization on sagittal cryosections of mouse brains
was performed as described (Braissant and Wahli, 1998).

Electrophysiology

Parasagittal slices (200 um) from cerebella of P25 to 21-week-old
mice were prepared using a vibratome (Leica). Gramicidin
perforated patch recordings were essentially performed as described
(Hiibner et al, 2001a, b). V was determined with a MultiClamp 700B
amplifier (Molecular Devices) in current-clamp mode with I=0.
GABA reversal potential (Egapa) of PCs was measured in voltage-
clamp mode. For details, see Supplementary Methods.

Spontaneous firing of PCs was recorded in the absence of
blockers in cell-attached mode using pipettes were filled with ACSF.
mIPSC and mEPSC were measured on PCs in the whole-cell mode at
—70mV in the presence of 2puM TTX and 10puM gabazine (SR-
95531; Sigma) (for mEPSCs) or 1 uM TTX, 50 uM p-APS and 10 pM
CNQX (for mIPSCs). Pipette solution contained in mM: 135 CsCl, 10
HEPES, 0.2 EGTA, 2 ATP, 0.3 GTP, and 10 glucose.

sIPSCs and sEPSCs were measured on PCs in whole-cell mode at
—75mV (sEPSCs) and +20mV (sIPSCs) in the absence of blockers
in the extracellular solution. Pipette solution consisted of (in mM)
130 Cs-methanesulphonate, 7 NaCl, 2 Mg-ATP, and 10 HEPES
pH 7.3.

Single-channel recordings of GABAsRs of GCs (age of mice: 4-8
weeks) were performed in the cell-attached configuration, with a
pipette solution (in mM): 120 NacCl, 5 KCl, 0.1 CaCl,, 10 MgCl,, 20
TEA-Cl, 5 4-AP, 10 glucose, 10 HEPES and 0.001 muscimol, 0.001
strychnine pH 7.4. Single-channel events were detected by the half-
amplitude threshold criterion at a final bandwith of 1-2 kHz.

Recordings and analysis used pClamp 10.0 (Axon). Liquid
junction potentials were not corrected and would introduce
maximal shifts of £2.8mV.

Eye movement recordings
Vestibulo-ocular reflexes were measured as previously described
(Schonewille et al, 2010). Mice were head fixed by a surgically
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