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Activity-Dependent Cleavage of the K-Cl Cotransporter KCC2
Mediated by Calcium-Activated Protease Calpain

Martin Puskarjov,'* Faraz Ahmad,"* Kai Kaila,' and Peter Blaesse'>
Department of Biosciences and Neuroscience Center, University of Helsinki, FI-00014 Helsinki, Finland and ?Institute of Physiology I, Westfilische
Wilhelms-University Miinster, D-48149 Miinster, Germany

The K-Cl cotransporter KCC2 plays a crucial role in neuronal chloride regulation. In mature central neurons, KCC2 is responsible for the
low intracellular C1 ~ concentration ([Cl " ];) that forms the basis for hyperpolarizing GABA , receptor-mediated responses. Fast changes
in KCC2 function and expression have been observed under various physiological and pathophysiological conditions. Here, we show that
the application of protein synthesis inhibitors cycloheximide and emetine to acute rat hippocampal slices have no effect on total KCC2
protein level and K-Cl cotransporter function. Furthermore, blocking constitutive lysosomal degradation with leupeptin did not induce
significant changes in KCC2 protein levels. These findings indicate alow basal turnover rate of the total KCC2 protein pool. In the presence
of the glutamate receptor agonist NMDA, the total KCC2 protein level decreased to about 30% within 4 h, and this effect was blocked by
calpeptin and MDL-28170, inhibitors of the calcium-activated protease calpain. Interictal-like activity induced by incubation of hip-
pocampal slices in an Mg>*-free solution led to a fast reduction in KCC2-mediated Cl ~ transport efficacy in CA1 pyramidal neurons,
which was paralleled by a decrease in both total and plasmalemmal KCC2 protein. These effects were blocked by the calpain inhibitor
MDL-28170. Taken together, these findings show that calpain activation leads to cleavage of KCC2, thereby modulating GABAergic

signaling.

Introduction

Neuronal plasticity is critically dependent on targeted cleavage
of synaptic proteins (Bingol and Sheng, 2011). Specific activa-
tion of the intracellular Ca*"-dependent protease calpain by
excitatory amino acid signaling confers selective activity-
dependent cleavage of synaptic substrates and thus plays a
pivotal role in regulating neuronal plasticity (Lynch and
Baudry, 1984; Siman and Noszek, 1988; Denny et al., 1990; Wu
and Lynch, 2006; Liu et al., 2008). Calpain is activated by
intracellular Ca®" and by the neurotrophic factor BDNF and
its receptor TrkB, which leads to specific cleavage of synaptic
substrates in response to intense synaptic activity under phys-
iological (Zadran et al., 2010a,b) as well as pathophysiological
conditions (Kampfl et al., 1997; Zhou and Baudry, 2006), in-
cluding seizures (Sierra-Paredes et al., 1999; Fujikawa, 2005).
Notably, an increased calpain expression has been recently
reported in cortical tissue of patients with drug-resistant tem-
poral lobe epilepsy (Feng et al., 2011).
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The neuronal targets of calpain are mainly involved in Ca**-
dependent signaling, synaptic architecture, and neurotransmis-
sion. These include all-spectrin (Siman et al., 1984; Nixon,
1986), actin (Villa et al., 1998), glutamate receptors (Bi et al.,
1997; Xu et al, 2007), the postsynaptic density-95 protein
(Gascon et al., 2008), the Na*/Ca’" exchanger (Bano et al,
2005), ankyrinG (Schafer et al., 2009), the voltage-gated sodium
channel « subunit (von Reyn et al., 2009), and the plasma mem-
brane Ca’"-ATPase (Pottorfet al., 2006). However, whether cal-
pain plays a role in neuronal Cl ~ regulation is unknown.

KCC2 is the principal Cl ~ extruder in mature central neurons
and is responsible for maintaining [Cl ™ ]; below electrochemical
equilibrium, a necessary condition for generation of “classical”
hyperpolarizing IPSPs (Rivera et al., 1999; Farrant and Kaila,
2007). Moreover, KCC2 plays a major role already at the early
stages in the development of excitatory synapses (Khalilov et al.,
2011). Notably, cortical pyramidal neurons lacking KCC2 display
an aberrant spine morphology in vitro (Li et al., 2007), and over-
expression of KCC2 has been shown to induce functional spines
in vivo (Fiumelli et al., 2012). In addition, suppression of the
expression of KCC2 leads to an increase in the lateral diffusion
and a reduced accumulation of AMPA-type glutamate receptors
in spines (Gauvain et al., 2011). The above findings imply KCC2
as a key molecule in plasticity of both GABAergic and glutama-
tergic signaling.

Ca**-dependent downregulation of KCC2 protein and Cl~
extrusion occurs under various plasticity-inducing physiological
and pathophysiological conditions (e.g., Fiumelli et al., 2005; Lee
etal., 2011; for review, see Blaesse et al., 2009; Loscher et al., 2012)
and is directly linked to activity-dependent upregulation of
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BDNF/TrkB signaling (Rivera et al., 2002, 2004). Here, we show
using hippocampal slices from rat that the total KCC2 protein
level and the functional KCC2 pool remain unchanged for at least
4 h in the absence of protein synthesis. Furthermore, we demon-
strate that excitotoxicity induced by the glutamate receptor
agonist NMDA as well as interictal-like activity induced by
incubation of slices in an Mg>*-free physiological solution, re-
sults in calpain-mediated downregulation of KCC2, identifying
KCC2 as a novel substrate of calpain. Thus, the present findings
point to calpain as a major factor controlling ionic plasticity of
GABAergic signaling.

Materials and Methods

Experiments were approved by the local Animal Ethics Committee of the
University of Helsinki.

Drugs. If not indicated otherwise, drugs were from Tocris Bioscience.

Brain slices. Acute 400 pwm transverse and coronal hippocampal slices
were prepared from postnatal day 15-20 male Wistar rats. Before decap-
itation, anesthesia was induced using halothane (Sigma). Brains were
quickly removed and immersed into ice-cold sucrose-based cutting so-
lution containing (in mm): 87 NaCl, 2.5 KCl, 0.5 CaCl,, 25 NaHCO;, 1.25
NaH,PO,, 7 MgCl,, 50 sucrose, and 25 b-glucose, equilibrated with 95%
0, and 5% CO,. Slices were cut using a Campden 7000smz vibrating
microtome (Campden Instruments). Before the experiments were
started, the slices were allowed to recover at 36°C for 1 h in a solution
containing (in mwm): 124 NaCl, 3 KCl, 2 CaCl,, 25 NaHCO;, 1.1
NaH,PO,, 2 MgSO,, 6 MgCl,, and 10 p-glucose, equilibrated with 95%
0, and 5% CO,.

For quality control, subsets of slices, each from a given animal, were
used in parallel for protein analysis and electrophysiological record-
ings (see Discussion).

Quantitative immunoblots. Hippocampal slices used for immunoblots
were prepared as described above. They were homogenized in RIPA buf-
fer (150 mm NaCl, 1% Triton X-100, 0.5% deoxycholic acid, 0.1% SDS,
and 50 mm Tris-Cl, pH 8.0) with a protease inhibitor mixture (Complete
Mini EDTA-free protease inhibitor mixture; Roche). Proteins were
separated by SDS-PAGE. Loading was performed in SDS-PAGE sam-
ple buffer containing 80 mwm Tris-HCI, 2% SDS, 10% glycerol, 5.3%
B-mercaptoethanol, and 2% bromophenol blue. After electrophoretic
separation, proteins were electrophoretically transferred to nitrocellu-
lose membranes (PerkinElmer) in transfer buffer containing 25 mwm Tris,
192 mwm glycine, and 10% methanol, pH 8.3. Membranes were blocked in
TBST/milk (20 mwm Tris, 150 mMm NaCl, 0.1% Tween 20, and 0.5% nonfat
dry milk, pH 7.5) for 1 h at room temperature. Incubation with the
respective antiserum diluted in TBST/milk was performed overnight in
the refrigerator with agitation. Rabbit-anti-panKCC2 (1:1000; raised
against amino acid residues 929-1045 of rat KCC2; Ludwig et al., 2003)
and rabbit-anti-NTD-KCC2 (1:2000; raised against amino acid residues
1-93 of rat KCC2; Blaesse et al., 2006) were used for KCC2 and rabbit-
anti-tubulin (1:20,000; Nordic BioSite, catalog no. PRB-435P) for the
neuronal class I1I tubulin.

The secondary antibodies, donkey-anti-rabbit IgG horseradish
peroxidase-conjugated (1:3000; GE Healthcare) and goat-anti-mouse
IgG horseradish peroxidase-conjugated (1:3000; Dako), were applied for
2—4 h at room temperature in TBST/milk with agitation. The immuno-
reactivity was detected using an enhanced chemiluminescence kit
(Pierce) and a LAS-3000 documentation system (Fujifilm).

Quantification of the chemiluminescence signals was performed by
Advanced Image Data Analysis software (Raytest) or ImageJ (http://rs-
b.info.nih.gov/ij/). All measurements were within the linear range of the
sensitivity of the camera. After quantification, the representative images
included in the figures were optimized for brightness and contrast using
Paint Shop Pro X (Corel).

In vitro assay of calpain cleavage. Rat brain homogenate was diluted to
about 1-2 mg/ml of protein in a final volume of 500 wl (as assessed by a
DC protein assay kit; Bio-Rad). Rat calpain-2 (i.e., m-calpain; Calbio-
chem) was added at a concentration of 31.5 U/ml in calpain assay buffer
(100 mm HEPES, 50 mm NaCl, 0.1% Triton X-100, 20 mm CaCl,, and 20
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mu dithiothreitol). The cleavage reaction was stopped after 10, 20, or 30
min by adding 0.1 m EDTA and protease inhibitors (Complete Mini
EDTA-free protease inhibitor mixture; Roche). In some experiments,
calpain-2 was preincubated with 100 um MDL-28170 for 5 min.

Tonomycin assay of calpain activation. To directly raise the intracellular
Ca’" concentration ([Ca®*],), coronal rat brain slices were treated with
50 wM ionomycin (Ascent Scientific), a Ca?* ionophore, at 32°C for 4 h.
Slices treated with ionomycin and 30 um MDL-28170 were preincubated
with MDL-28170 for 30 min.

Analysis of surface expression. A recently developed protease approach
(Khirug et al., 2010; Ahmad et al., 2011) was used to analyze the surface
expression of KCC2. Briefly, transverse hippocampal slices were treated
with cod trypsin (Zymetech), a protease that retains its activity at low
temperatures while trafficking of membrane proteins is blocked. Slices
were incubated on ice for 60 min in the presence of cod trypsin (2 U/ml).
The cleavage reaction was stopped by adding the trypsin inhibitor phe-
nylmethylsulfonyl fluoride (100 um; 5 min on ice). After homogeniza-
tion, 30 ug of protein was separated on a 6% acrylamide gel and the
immunoblot analysis was performed as described above.

Electrophysiological recordings. Cell-attached and whole-cell patch-
clamp recordings were done at 32°C from visually identified CA1 pyra-
midal neurons using an EPC 10 amplifier and Pulse software (HEKA).
Patch pipettes were fabricated from borosilicate glass (Harvard Appara-
tus), and their resistance ranged from 4.5 to 6.5 M{). The pipette solution
consisted of (in mm): 30 N-methyl-p-glucamine-HCI, 95 K-gluconate, 1
EGTA, 5 HEPES, 10 p-glucose, 2 Mg-ATP, 20 sucrose, 0.1 Alexa Fluor
488, 2 NaOH, and 5.4 KOH, pH 7.3. For recordings, slices were posi-
tioned in a submerged-type recording chamber and continuously per-
fused at a rate of 3.5 ml/min with extracellular solution containing (in
mMm): 124 NaCl, 3.5 KCl, 2 CaCl,, 25 NaHCO;, 1.1 NaH,PO,, 2 MgSO,,
and 10 p-glucose, equilibrated with 95% O, and 5% CO,, pH 7.4. Mem-
brane potential values were corrected for calculated liquid junction po-
tentials (Barry, 1994). Interictal-like activity was induced by omitting
Mg?* from the extracellular solution after recovery and during the re-
cordings (Anderson et al., 1986; Mody et al., 1987; Rivera et al., 2004).
Some of the slices failed to generate interictal-like activity under 0-Mg>"
conditions, therefore activity was verified before whole-cell recordings
and immunoblotting using the current-clamp I = 0 configuration in
cell-attached mode in the presence of 10 um bumetanide and 1 um CGP
55845. In the majority of cases, KCC2-mediated Cl ~ extrusion (see be-
low) was measured in one cell per slice under 0-Mg>" conditions, and
when two cells were recorded the network activity was assessed in the first
cell only. Spike frequency was analyzed using WinEDR software (Dr.
John Dempster, University of Strathclyde, Glasgow, UK). In experiments
with the calpain inhibitor MDL-28170, a 30 min preincubation with 30
M MDL-28170 was done before Mg>" was omitted. Exposure to 30 um
MDL-28170 or 100 uM cycloheximide was maintained throughout the
experiments. Somatic whole-cell, voltage-clamp recordings were done in
the presence of 0.5 um TTX (Ascent Scientific), 10 um CNQX (Ascent
Scientific), 10 uM bumetanide, and 1 um CGP 55845. After rupturing the
seal, each neuron was allowed to equilibrate with the pipette solution for
at least 5-10 min. Cells with stable access resistance between 10 and 20
M(), and resting membrane potential below —55 mV were accepted for
analysis. The efficacy of KCC2-mediated Cl ~ extrusion was quantified
on the basis of AE;, 54, which was measured as the difference between
the reversal potential of GABA ,-mediated currents (E;,p,) at the soma
and at 50 um away along the apical dendrite (Khirug et al., 2010). Mem-
brane potential was held at —50 mV to reduce the driving force for
outward leak Cl ~ conductance and to minimize its contribution to the
measured Cl ~ extrusion. Under the present conditions, the Cl ~ load of
30 mM would generate an Eg 5, of —39.5 mV as calculated from the
Goldman—Hodgkin—Katz voltage equation (Farrant and Kaila, 2007).
Indeed, control measurements of somatic E;,p, yielded a value of
—40.7 = 0.41 mV (n = 26), demonstrating that the somatic [Cl " ]; of
CALl pyramidal neurons was clamped at the [Cl ™| of the pipette. Thus,
under these conditions, a negative deviation of the dendritic E; 5, from
the somatic value (i.e., AE;,p,) is @ quantitative measure of the efficacy
of Cl ™ extrusion (Jarolimek et al., 1999; Khirug et al., 2005). Somatic and
dendritic E; 5, values were determined from the current—voltage rela-
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Figure 1.

Blocking protein synthesis does not affect KCC2 protein level. 4, Application of 100 um cycloheximide (CHX) or 100 um emetine inhibited the incorporation of [**S]methionine in

hippocampal slices (autoradiogram, top). SDS-PAGE demonstrated that similar amounts of protein were loaded (Coomassie-stained gel, bottom). B, Immunoblots with homogenates from
hippocampal slices incubated in CHX and emetine. The tubulin signal (55 kDa) confirmed that similar protein amounts were loaded. The KCC2 signal (~ 140 kDa) did not differ significantly from the
corresponding controls (ctrl) after 4 h under arrested protein synthesis (ctrl: 90.3 = 5.2%; CHX: 85.3 = 8.4%; emetine: 90.6 = 8.0%; p = 0.824). Statistical significance was assessed by
Kruskal-Wallis one-way ANOVA on Ranks with Mann—Whitney’s post hoc test. C, Application of 50 m leupeptin (leu) for 4 h did not induce significant changes in the KCC2 protein level in
hippocampal slices (105.1 = 10.6%). Statistical significance was assessed by one-way ANOVA. The values for n are given in the bar diagram. Error bars denote SEM.

tions, obtained by sequentially clamping the membrane potential at dif-
ferent holding potentials with a 5 mV increment and a 10 s step interval.
Caged GABA was photolyzed 50 ms after the start of each voltage step to
evoke local GABA , receptor-mediated currents (Khirug et al., 2005). To
this end, 1 mm DPNI-caged GABA dissolved in extracellular solution was
delivered at a flow rate of 1-2 pl/min via an UltraMicroPump II (WPI)
equipped with a syringe and a 100 wm inner tip diameter quartz needle
(WPI) and locally photolyzed using the 375 nm output of a continuous
emission diode laser (Excelsior 375; Spectra Physics). An electronic shut-
ter (AA Opto-Electronic) was used to set the duration of the laser pulse at
10 ms and a LUMPIlanFI 60X water-immersion objective (Olympus) to
focus the ~10 wm uncaging spot either at the soma or at 50 wm away on
the apical dendrite. To accurately measure the distance from the soma,
Alexa Fluor 488 (Life Technologies) was dialyzed via the patch pipette,
and dendrites were traced using a Radiance 2100 confocal microscope
(Bio-Rad).

Statistical analysis. One-way ANOVA was used to compare groups
when data were normally distributed. Kruskal-Wallis one-way
ANOVA on ranks with Mann—Whitney’s post hoc test was used if distri-
butions were not normal. Statistical analysis was performed using Statis-
tica (StatSoft) and WinStat (R. Fitch Software).

Results

Total block of protein synthesis does not affect KCC2 protein
level or function in hippocampal slices for several hours
Under steady-state conditions, the rate of protein synthesis
equals the rate of degradation. Hence, exposure of hippocampal
slices to protein synthesis inhibitors will prevent the synthesis of
new KCC2 protein molecules, after which the protein degrada-
tion rate is seen as decay in the KCC2 protein level. We first tested
the efficacy of the protein synthesis inhibitors cycloheximide and
emetine, both at 100 uM. As shown in Figure 1A, both drugs
completely blocked the incorporation of **S-methionine, dem-
onstrating fast and efficient block of protein synthesis. Surpris-
ingly (cf. Rivera et al., 2004), the total amount of KCC2 protein
did not change within 4 h, neither under control conditions nor
in the presence of cycloheximide or emetine (Fig. 1B; protein
level after 4 h for control, cycloheximide, and emetine: 90.3 =
5.2%, 85.3 = 8.4%, and 90.6 = 8.0% withn = 11,n =7,and n =
8, respectively; p = 0.824). Despite the consistent results obtained
with the two different protein synthesis inhibitors, it should be
noted that cycloheximide can block not only synthesis but also
degradation of certain proteins (Cui et al., 2002). Therefore, we

used another approach to study the turnover of KCC2. Mem-
brane proteins are mainly degraded via the lysosomal pathway
(Piper and Luzio, 2007), and leupeptin efficiently blocks lyso-
somal degradation without affecting protein synthesis (Seglen et
al., 1979).In case of a high turnover rate of the total KCC2 protein
pool, not only a decrease in KCC2 protein level under arrested
protein synthesis is a likely scenario, but an increase in KCC2
after a blockage of protein degradation would also be expected. In
line with the results obtained with the protein synthesis inhibi-
tors, leupeptin (50 um) did not induce significant changes in
KCC2 protein levels within 4 h (Fig. 1C; KCC2 protein level after
incubation in the presence of leupeptin for 4 h: 105.1 = 10.6%
when compared to the 0 h control; n = 6).

To study the effect of blocking protein synthesis on the func-
tional KCC2 pool, we used an electrophysiological assay to mea-
sure KCC2-mediated Cl ~ extrusion (Khirug et al., 2005; Li et al.,
2007). Because of the similar results obtained with the two pro-
tein synthesis inhibitors in the biochemical assays (Fig. 1), we
used cycloheximide only in the functional assay. Imposing a de-
fined somatic Cl ~ load via the patch pipette enables assessment
of the efficacy of Cl ~ extrusion. As shown previously (Khirug et
al., 2005, 2008, 2010; Blaesse et al., 2006; Li et al., 2007; Gauvain et
al., 2011), functional expression of KCC2 results in a somatoden-
dritic gradient of [Cl ™ ];, which can be measured as a gradient
in Egapa between the somatic and dendritic compartments
(AEGaga)- Notably, control levels of AE; 5, remained un-
changed for the experimental duration of 0—4h (0-2 h: —6.05 +
0.31 mV/50 wm; n = 12 cells; 3-4 h: —6.28 = 0.28 mV/50 wm;
n = 14 cells). While the application of the KCC2 inhibitor furo-
semide (1.5 mum, in the continuous presence of 10 um bumet-
anide; see Materials and Methods; Payne et al., 2003; Blaesse et al.,
2009) induced a highly significant reduction in AE;, 5, (0—4 h:
—3.03 = 0.30 mV/50 pm; n = 8 cells; p < 0.001), cycloheximide
had no effect on AE; 5, when measured during the fourth hour
of incubation (—5.52 * 0.36 mV/50 um; n = 8 cells; Fig. 2).

KCC2 is a substrate of the calcium-activated protease calpain

The absence of effect on the KCC2 protein level and function by
arrest of mRNA translation under control conditions indicates
that a fast decrease in KCC2, as seen under pathophysiological
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Figure 2.

Blocking protein synthesis does not affect KCC2 function. A-F, Whole-cell, patch-clamp recordings of uncaging-induced GABA,-mediated currents (/¢ug,) and E¢ga in CAT pyramidal

neurons with an artificially imposed somatic Cl ~ load showed that CA1 pyramidal neurons were able to generate a furosemide (furo)-sensitive somatodendritic A£,g, that was stable for at least
4hunder control conditions. CHX (100 ) did notinduce achange A£ g, A-D, Sample £ g, recordings at the soma and ata distance of 50 um at the apical dendrite. /-V curves are based on /g, at different
holding potentials (4,). 4,02 h ctrl; B, 3— 4 h ctrl; €, CHX; D, furo. Uncaging flash indicated by horizontal bars. E, Scatter plot of AF¢g, over time in control and CHX-treated CA1 neurons. The line represents a
linear fit for the control cells. F, Quantification of Af g, revealed stable gradients over time under control conditions (0—2 h: —6.05 %= 0.31mV/50 um; 3—4h: —6.28 = 0.28mV/50 um). AE; g, Was not
affected by CHX (—5.52 = 0.36 mV/50 um), but was sensitive to furosemide (0—4 h: —3.03 == 0.30 mV/50 m; p << 0.001). The experiments were done in the continuous presence of 10 v bumetanide.
Statistical significance was assessed by one-way ANOVA with Scheffe’s post hoc test. The values for n are given in the bar diagram. Error bars denote SEM.

conditions, cannot be mediated by changes in KCC2 transcrip-
tion and translation only.

It has been speculated that the two PEST domains that have
been identified within the KCC2 sequence might be involved
in the regulation of KCC2 by proteases such as calpain (Mer-
cado et al., 2006). Strikingly, an almost complete loss of KCC2
immunoreactivity was seen when rat brain homogenate was
exposed to 31.5 U/ml recombinant rat calpain-2 for up to 30
min (Fig. 3A), and this effect was blocked by the calpain in-
hibitor MDL-28170. The peptide used for the generation of
the anti-KCC2 antibody covers the region encoding the PEST
domains. Therefore, the decrease in the intensity of the immu-
noreactive signal at ~140 kDa can be explained by complete
degradation of the protein or by discrete calpain-mediated
cleavage in the region that forms the epitope. An antibody
directed against the N-terminal domain of KCC2 (anti-NTD-
KCC2; Blaesse et al., 2006) detected a fragment with a molec-
ular weight of ~100 kDa (Fig. 3B), indicating that a large part
of the cytoplasmic C-terminal domain (CTD) is cleaved off.
Based on the known importance of the CTD for KCC2 func-
tion (Mercado et al., 2006; Acton et al., 2012), it is likely that
the truncated protein is nonfunctional as a K-CI
cotransporter.

To test whether KCC2 is a calpain substrate in neurons, we
incubated brain slices in the presence of ionomycin. lonomycin
triggers an increase in [Ca®"];and has been often used to activate
calpain both in vitro (e.g., Gil-Parrado et al., 2002) and in vivo
(Stockholm et al., 2005). Incubation of brain slices in the pres-
ence of 50 uM ionomycin resulted in a decrease in the KCC2
protein level after 4 h (Fig. 3C,D; 39.6 = 2.6%; n = 5; p < 0.05),
an effect that was blocked by co-application of MDL-28170
(86.6 * 8.3%; n = 4).

" . Mw
A Incubation Time B [kDa]
Mw S DO S oS
D PN S =
[kDa] Kol 170 Kce2
130 -
170 = P
Kce2
130 - (DD
Calpain-2 - + + + + Calpain-2 - +
MDL - & = = -
Mw
C[kDa] D 100
T
170 - 2
=3 751
130 — W s Kcc2 g
G2
S £ 50
55 = e @ s Tubulin %8
c O
8+ 25
lonomycin - + + =
MDL - -+
S & &
9 &\\o \\o\“ o
S & <
3 &
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rat brain homogenate was exposed to 31.5 U/ml recombinant rat calpain-2. An almost com-
plete loss of the KCC2 immunosignal was observed after 30 min. The decrease in the KC(2 signal
was blocked by the calpain inhibitor MDL-28170 (MDL). B, An immunoblot with an antibody
directed against an N-terminal epitope of KCC2 (anti-NTD-KCC2) showed a truncated
N-terminal fragment of KCC2 with a molecular weight (Mw) of ~100 kDa. €, D, lonomycin
triggers adecrease in KCC2 protein level. €, Incubation of brain slicesin the presence of the Ca
ionophore ionomycin (50 wm; 4 h) resulted in a clear reduction in KCC2 protein level, an effect
that was blocked when ionomycin was applied together with MDL-28170. D, The mean values
of the quantified immunoblot signals showed a significant decrease in KCC2 after ionomycin
treatment (39.6 = 2.6%; p << 0.05). The mean value of the ionomycin plus MDL-28170 sam-
ples did not differ from control (Ctrl; 86.6 == 8.3%; p = 0.477). Statistical significance was
assessed by One-way ANOVA with Scheffe’s post hoc test. The values for n are given in the bar
diagram. Error bars denote SEM.
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NMDA-induced excitotoxicity leads to calpain-mediated KCC2 degradation. 4, Scheme of the experimental design. Coronal brain slices were preincubated in the presence of different

combinations of inhibitors (see Materials and Methods for details). At the end of the preincubation, NMDA (100 M) was added for 30 min. The end of the NMDA incubation was defined as time point
0h. B, The NMDA incubation induced a rapid decrease in the KCC2 protein level. Tubulin was used as a loading control. €, The mean values of the quantified immunoblot signals showed a significant
decrease in the KCC2 signal after the NMDA incubation (80.6 == 7.0% of the KCC2 protein level in the 0 h control after 1h; 55.1 = 9.8% after 2 h; 36.6 == 3.4% after 4 h), while the signal remained
stable under control conditions (98.7 == 5.0% after 4 h). D, E, Application of NMDA in the presence of the NMDAR antagonists AP5 and MK-801 (100 and 10 wum) blocked the degradation of KCC2
(89.0 == 12.1%). The protein synthesis inhibitor cycloheximide had no effect on the NMDA-induced degradation of KCC2 (38.5 == 6.3%). The proteasome inhibitor lactacystin (1 ) did not prevent
the downregulation of KCC2 (24.3 == 5.7%). The inhibitor of lysosomal degradation, leupeptin (50 ruu), blocked the decrease in KCC2 protein (115.3 == 8.8%). The two calpain inhibitors MDL-28170
(MDL) (30 pum) and calpeptin (30 wum) both blocked the NMDA-induced degradation of KCC2 (102.9 = 5.7% and 107.3 = 9.2%)). Statistical significance was assessed by Kruskal-Wallis one-way
ANOVA on Ranks with Mann—Whitney’s post hoc test. The values for n are given in the bar diagram. Error bars denote SEM.

Incubation of hippocampal slices in the presence of the
glutamate receptor agonist NMDA for 30 min leads to a fast
activation of calpain as seen by the degradation of the canon-
ical calpain substrate spectrin (Siman and Noszek, 1988; Zhou
and Baudry, 2006). We preincubated coronal brain slices, in-
cluding the hippocampus, for 30 min in the presence of 0.5 um
TTX to block action potentials, 50 uM picrotoxin to block
GABA, receptors, and 1 um CGP 55845 to block GABAj re-
ceptors. At the end of the preincubation, NMDA (100 uM) was
added. The end of the 30 min incubation of hippocampal slices
in NMDA was defined as time point 0 h (Fig. 4A). A decrease
in the KCC2 protein level was evident already 1 h after the end
of the NMDA incubation (80.6 £ 7.0% of the KCC2 protein
level in the 0 h control), became significant after 2 h (55.1 =
9.8%; p = 0.017), and was even bigger after 4 h (36.6 = 3.4%j;
p < 0.0001; Fig. 4B, C). Interestingly and in contrast to previ-
ous results (Rivera et al., 2004), the KCC2 protein level in
hippocampal slices remained stable under control conditions
within the experimental time window of up to 5 h after recov-
ery (98.7 = 5.0%). In a further set of experiments, the down-
stream mechanisms of NMDA action on protein degradation
were investigated in more detail (Fig. 4 D, E). Slices treated for

30 min with NMDA and kept for additional 4 h confirmed the
NMDA-induced degradation of KCC2 seen in the previous
experiments (31.0 = 3.0% of the KCC2 protein level in the 4 h
control; p < 0.0001). Application of the NMDA receptor
(NMDAR) blockers AP5 and MK-801 (100 and 10 M, respec-
tively) blocked the degradation of KCC2 (89.0 * 12.1%), an
effect consistent with previous results that demonstrated that
inhibition of the NMDARs prevents the activation of calpain
(Siman et al., 1989; Zhou and Baudry, 2006; Xu et al., 2007).
Because it has been demonstrated that cycloheximide can
block the degradation of certain proteins (Cui et al., 2002), we
tested the effect of cycloheximide in the NMDA assay. Cyclo-
heximide had no effect on the NMDA-induced degradation of
KCC2 (38.5 = 6.3%; p = 0.009 when compared to control).
While the proteasome inhibitor lactacystin (1 uM) was not
able to prevent the downregulation of KCC2 (24.3 £ 5.7%j;
p < 0.0001 when compared to control), the protease inhibitor
leupeptin (50 um) blocked the decrease in KCC2 protein
(115.3 = 8.8%). Most interestingly, the two calpain inhibitors
MDL-28170 and calpeptin (each 30 uMm), both completely
blocked the degradation of KCC2 in the NMDA excitotoxicity
model (102.9 * 5.7% and 107.3 = 9.2%).
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0-Mg>" and p < 0.01 when compared to
control; Fig. 5A,B). Efficacy of K-Cl
cotransport, as measured by AE; 5, from
the CA1 pyramidal neurons in 0-Mg>™-
incubated slices, exhibited a time-
] dependent decrease that was statistically
highly significant after 3-4 h (—2.33 =
1.62 mV/50 um; n = 13; p < 0.001; Fig.
5C-G). MDL-28170 prevented the
activity-dependent downregulation of
KCC2 function, and the AEj,;, mea-
sured during the fourth hour was not dif-
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are given in the bar diagram. Error bars denote SEM.

Inhibition of calpain prevents the activity-induced
downregulation of KCC2 function

To investigate the possible role of calpain-mediated KCC2 degrada-
tion in activity-dependent downregulation of KCC2 function, we
incubated transverse hippocampal slices in Mg *" -free physiological
solution with or without the calpain inhibitor MDL-28170 (30 uMm).
Mg>* withdrawal induced interictal-like activity, which was
quantified as spiking frequency recorded in cell-attached mode
(2.77 £ 0.57 Hzvs 0.032 * 0.03 Hz with n = 8 and n = 6 cells for
0-Mg>" and control, respectively; p < 0.01). MDL-28170 did
not alter the frequency of interictal-like events (2.2 * 0.43 Hz;
n = 9 cells; not significantly different when compared to

ferent from control values (5.44 = 0.40
mV/50 um; n = 9; Fig. 5C-G). In line with
this, immunoblots demonstrated a de-
crease in the KCC2 protein level in the
CAI1 region from slices incubated for 4 h
in Mg>"-free physiological solution
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(76.7 = 6.0%; n = 13; p = 0.038; Fig.
6A,B). The NMDAR antagonist AP5 (50
uM; 114.4 £ 9.4%; n = 8; p = 0.001 when
compared to 0-Mg>™), as well as the cal-
pain inhibitor MDL-28170 (106.0 =
5.2%;n = 12; p = 0.010 when compared to
0-Mg>"), prevented the downregulation of
KCC2 (Fig. 6 A, B). The decrease in the pro-
tein level of KCC2 was smaller compared
to the downregulation seen in the NMDA
model (Fig. 4). An explanation for this
T difference is that while NMDA exposure
affects both synaptically connected and
disconnected neurons in a slice prepara-
tion, it is not likely that all CA1 neuronsin a
slice are recruited into the interictal-like
activity.

p <0.001

Interictal-like activity leads to a calpain-dependent functional inactivation of KCC2. A, Current— clamp recordings illustrating
anincrease in neuronal activity in CA1 pyramidal cellsinduced by the incubation of hippocampal slices in Mg > *-free physiological solution.
The increase in activity was not blocked by the calpain inhibitor MDL-28170. B, Quantification of the current—clamp recordings. The
increase i the spiking frequency in Mg > * -free physiological solution was significant (2.77 = 0.57 Hzvs0.032 = 0.03 Hzfor0-Mg > " and
control (ctrl), respectively; p << 0.01). The increase in frequency took also place when MDL-28170 (MDL) was present in the physiological
solution (2.2 = 0.43 Hz; not significantly different when compared to 0-Mg " and p < 0.01 when compared to control). (~E, Sample
recordings of uncaging-induced |5, at the soma and at a distance of 50 wum in the apical dendrite. /~V/ curves are based on Iy, at
different holding potentials (V,) under control conditions (C), in Mg 2 * -free physiological solution (D), and in Mg " -free physiological
solution in the presence of MDL-28170 (E). F, Scatter plot of AF g, overtime in neurons keptin Mg > " -free physiological solution with or
without MDL-28170. For comparison, the line representing the linear fit for the control cells shown in Figure 2 is included. G, Quantification
0f AFgpp, revealed a MDL-28170-sensitive decrease in the CI ~ extrusion in neurons from slices incubated in Mg -free physiological
solution (0-Mg?*: —2.33 = 1.62 mV/50 rem; MDL-28170: 5.44 = 0.40 mV/50 m; p << 0.001). The pooled control data shown in
Figure 2 are included for comparison. Statistical significance was assessed by one-way ANOVA with Scheffe’s post hoc test. The values for n

The decrease in the total protein level of
KCC2 was paralleled by an activity-induced
decrease in the surface expression of the
transporter as shown by the cod trypsin as-
say (Fig. 6C,D). The surface/intracellular ra-
tio was lower in the 0-Mg”>" samples
(75.7 = 8.0%; n = 8; p = 0.021 when nor-
malized and compared to control), an effect
that was blocked by MDL-28170 (112.2 *
11.1%; n = 7; p = 0.004 when compared to
0-Mg>™).

These findings demonstrate a critical
role for calpain in regulating the neuro-
nal Cl~ extrusion capacity in response
to NMDAR activation.

Discussion
The major finding of our study is that KCC2, a protein instru-
mental in the development and plasticity of GABA, receptor-
mediated signaling (Blaesse et al., 2009) and in the maturation
and function of dendritic spines and glutamatergic synapses (Li et
al., 2007; Gauvain et al., 2011; Khalilov et al., 2011; Fiumelli et al.,
2012), is a substrate of the calcium-activated protease calpain.

Enhanced degradation of KCC2 leads to fast changes in
GABAergic signaling

The present data acquired using cycloheximide, emetine, and
leupeptin all point to a rather low basal turnover of KCC2 (Fig.
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Figure 6. Interictal-like activity leads to a calpain-dependent decrease in KCC2 total protein

level and surface expression. Interictal-like activity was induced by omitting Mg ** from the
extracellular solution. Slices were kept in Mg>*-free physiological solution until they were
used for experiments. A, B, The KCC2 immunoreactivity was quantified and normalized in im-
munoblots with protein samples of CA1 regions isolated from pairs of control slices (ctrl) and
slices incubated in Mg -free physiological solution (0-Mg ™). The KCC2 protein level in the
0-Mg™ group was significantly lower compared to control (76.7 = 6.0% of control; p =
0.038). The NMDAR antagonist AP5 (114.4 == 9.4% of control; p = 0.001 when compared to
0-Mg ™), as well as the calpain inhibitor MDL-28170 (MDL) (106.0 = 5.2% of control; p =
0.010 when compared to 0-Mg > ™), prevented the 0-Mg >* -induced downregulation of KCC2.
The tubulin signal verified that similar protein amounts were loaded. C, D, Protease treatment
of hippocampal slices with cod trypsin demonstrated lower levels of surface KCC2 in samples of
(AT regions isolated from 0-Mg 2 * slices. D, The surface/intracellular (cleaved/uncleaved) ratio
of KCC2 was normalized to the respective value in controls. The KCC2 surface/intracellular ratio
was lower (75.7 = 8.0%; p = 0.021) in 0-Mg ™ slices. No significant change in the surface
expression of KCC2 occurred when the calpain-inhibitor MDL-28170 was present (112.2 =
11.1% of control; p = 0.0037 when compared to 0-Mg>"). Statistical significance was as-
sessed by Kruskal-Wallis one-way ANOVA on Ranks with Mann—Whitney's post hoc test. The
values for n are given in the bar diagram. Error bars denote SEM.

1). However, previous data obtained for leupeptin in neuronal
cultures (Lee et al., 2010) and our previous analysis of the KCC2
surface pool in slices (Rivera et al., 2004) indicated a high turn-
over rate. The data presented here demonstrate that activation of
calpain can lead to fast changes in KCC2 protein levels. While we
previously saw a constant decrease (0.2%/min) in the total KCC2
protein pool under control conditions (i.e., in standard physio-
logical solution) in biochemical experiments (Rivera et al., 2004),
the KCC2 protein level in the present study remained stable for at
least 5 h after recovery under control conditions as well in the
absence of protein synthesis. The difference between previous
and present data is most likely attributable to nonoptimal slice
preparation and maintenance conditions in the study by Rivera et
al. (2004) that affected [Ca*"|; levels and, consequently, calpain
activity (Fig. 3C,D). In contrast to the above study, where some of
the slices used for protein analysis were cut using a tissue chopper
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(Thomas-Crusells et al., 2003; Rivera et al., 2004), all slices used
in present work were cut using a vibratome. In addition, the
standard physiological solution used for slicing and recovery/
storage used in the previous study was replaced by a sucrose-
based cutting solution and a high Mg>* recovery/storage
solution. Most importantly, control for high slice quality in the
present biochemical experiments was based on using a subset of
slices (as in Fig. 4C), where slice batches from a given animal were
used in parallel electrophysiological recordings with video mi-
croscopy (see Material and Methods).

The basal level of neuronal activity in the slice preparation
does not seem to play a major role in the regulation of KCC2
turnover as indicated by the fact that the stability of KCC2 did not
differ in the presence (control group in Fig. 4 B) or absence of the
Na *-channel blocker TTX (control group in Fig. 1 B). Because
both - and m-calpain isoforms have a half-life of several days
(Zhang et al., 1996) it is unlikely that the observed stability of
KCC2 under arrested de novo translation is due to reduced cal-
pain levels in the present experimental time window of 4 h.

The low turnover rate of the total KCC2 protein is not consis-
tent with several studies reporting fast functional changes in the
efficacy of KCC2-mediated Cl ™~ extrusion caused by changes in
gene expression (for original references, Blaesse et al., 2009). The
present data clearly show that an enhanced degradation rate of
KCC2 is required to rapidly reduce KCC2 protein levels. The
calpain-mediated cleavage of KCC2 presented here might be one
of the major mechanisms responsible for an enhanced degrada-
tion of KCC2, while changes at the transcriptional level (Rivera et
al., 2002; Huberfeld et al., 2007) are involved in long-term effects.
It will be interesting to further investigate whether changes in the
phosphorylation state of KCC2, which are also known to trigger
an enhanced degradation, are involved in the regulation of
calpain-mediated KCC2 cleavage. It has been demonstrated that
an increase in lysosomal degradation of KCC2 takes place after the
activation of muscarinergic acetylcholine receptors (mAChRs) in
HEK cells and cultured hippocampal neurons (Lee et al., 2010).
Phosphorylation of Tyr ***'%7 of the KCC2 protein seems to be the
main trigger for lysosomal degradation, and this phosphorylation
takes also place when seizures are induced in adult mice by the in-
jection of the mAChR agonist pilocarpine, paralleled by a fast de-
crease in KCC2 protein level (Lee et al., 2010). While this finding
indicates that changes in the degradation rate of KCC2 do occur in
vivo, the rates of synthesis and degradation of KCC2 under various
conditions in vivo need to be addressed in future work. In contrast to
phosphorylation of Tyr***'%*” in the pilocarpine model, glutama-
tergic NMDAR-mediated activity leading to EDTA-sensitive down-
regulation of KCC2 has been shown to coincide with protein
phosphatase 1-dependent dephosphorylation of Ser®*° (Lee et
al., 2011).

Calpain as a modulator of synaptic signaling
PEST domains can serve to target proteins for calpain-mediated
degradation but are not, however, a necessary feature of calpain
substrates (Rechsteiner and Rogers, 1996; Wang et al., 2003).
A recent study has shown that the vesicular GABA transporter
(VIAAT) is downregulated by calpain in a PEST domain-
dependent manner (Gomes etal., 2011). Intriguingly, KCC2 con-
tains two predicted PEST domains (Mercado et al., 2006). Future
work should address the role of the KCC2 PEST domains, which
are present only in the neuron-specific KCC2 but not in other
KCC isoforms.

The calpain sensitivity of KCC2, VIAAT, and GABA synthe-
sizing enzyme glutamic acid decarboxylase (Wei et al., 2006; Sha
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etal.,, 2008; Buddhala et al., 2012), as well as of the glycine trans-
porters GlyT1 and GlyT2 (Baliova et al., 2004; Baliova and Jursky,
2005), suggests a more general calpain-mediated regulation of
GABAergic and glycinergic neurotransmission. This idea gains
further support from the finding that gephyrin, a key protein for
clustering of GABA receptors (Kneussel and Betz, 2000) that co-
localizes with KCC2 (Hiibner et al., 2001), is also a calpain sub-
strate (Tyagarajan et al., 2011). For the NMDAR 2 subunit, it has
been shown that calpain-mediated cleavage is regulated by the
interaction of the receptor and the postsynaptic density-95 pro-
tein, thereby endowing the calpain system with a high level of
versatility (Dong et al., 2004).

In addition to activity-induced elevation in intracellular
Ca**, calpain is also activated by BDNF signaling (Zadran et al.,
2010a). Seizure-induced upregulation of BDNF/TrkB signaling
(Binder et al., 2001; Rivera et al., 2002) and activity-dependent
endogenous release as well as exogenous application of BDNF
(Rivera et al., 2002, 2004; Wake et al., 2007), all have been shown
to downregulate KCC2 protein and function, demonstrating a
critical role for TrkB activation in activity-dependent downregu-
lation of KCC2. Thus, the BDNF-triggered activation of calpain
may contribute to the activity-induced and BDNF/TrkB-
mediated downregulation of KCC2.

As shown by our electrophysiological data, calpain-mediated
cleavage results in near complete loss of KCC2-mediated Cl~
extrusion (Fig. 5). However, the biochemical data (Fig. 4) indi-
cate that a fraction of KCC2 is resistant to calpain within the time
window of the present experiments. Curiously, BDNF-calpain
signaling has been proposed to regulate spine plasticity (Zadran
et al., 2010a). Since spines are known to express high levels of
KCC2 (cf. Gulyas et al., 2001), the effects of calpain activation on
KCC2-related spinogenesis (Fiumelli et al., 2012) and spine
maintenance (Li et al., 2007) emerge as important topics for fu-
ture research.

In conclusion, this work shows that fast, activity-dependent
downregulation of KCC2 is attributable to calpain-mediated
cleavage of the protein and not to suppression of KCC2 gene
expression. It thereby identifies a new molecular mechanism for
the fast regulation of KCC2 during synaptic plasticity under
physiological and pathophysiological conditions.
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