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Early Changes in KCC2 Phosphorylation in Response to
Neuronal Stress Result in Functional Downregulation
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The K™ CI™ cotransporter KCC2 plays an important role in chloride homeostasis and in neuronal responses mediated by ionotropic
GABA and glycine receptors. The expression levels of KCC2 in neurons determine whether neurotransmitter responses are inhibitory or
excitatory. KCC2 expression is decreased in developing neurons, as well as in response to various models of neuronal injury and epilepsy.
We investigated whether there isalso direct modulation of KCC2 activity by changes in phosphorylation during such neuronal stressors.
Weexamined tyrosine phosphorylation of KCC2 inrat hippocampal neurons under different conditions of in vitroneuronal stress and the
functional consequences of changes in tyrosine phosphorylation. Oxidative stress (H,0,) and the induction of seizure activity (BDNF)
and hyperexcitability (0 Mg?™) resulted in a rapid dephosphorylation of KCC2 that preceded the decreases in KCC2 protein or mRNA
expression. Dephosphorylation of KCC2 is correlated with a reduction of transport activity and a decrease in [C] 7], as well as a reduction
in KCC2 surface expression. Manipulation of KCC2 tyrosine phosphorylation resulted in altered neuronal viability in response to in vitro
oxidative stress. During continued neuronal stress, a second phase of functional KCC2 downregulation occurs that corresponds to
decreases in KCC2 protein expression levels. We propose that neuronal stress induces a rapid loss of tyrosine phosphorylation of KCC2
that resultsin translocation of the protein and functional loss of transport activity. Additional understanding of the mechanisms involved

may provide means for manipulating the extent of irreversible injury resulting from different neuronal stressors.

Key words: KCC2; neurons; E; -; CI ~ homeostasis; oxidative stress; cell death

Introduction

The K* Cl™ cotransporter, KCC2, plays an important role in
neuronal Cl ~ homeostasis and in determining the physiological
response to the activation of anion-selective GABA and glycine
receptors (for review, see Kaila, 1994; Delpire, 2000; Payne et al.,
2003). Increases in the expression level of KCC2 underlie the
developmental change in GABA and glycine responses from de-

polarization to hyperpolarization, and different neuronal expres- -

sion levels correlates with differences in GABA responses and the
ability to maintain CI™ homeostasis during depolarization
(Kakazu et al., 1999; Rivera et al., 1999; Ueno et al., 2002; Zhu et
al,, 2005). Conversely, KCC2 expression levels are reduced in
various pathological conditions, including axotomy and nerve
crush, nerve cuff-induced chronic pain, and interictal activity,
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with a resultant increased [Cl~]; and a shift of GABA-mediated
responses from hyperpolarizing to depolarizing (Nabekura et al.,
2002; Rivera et al., 2002, 2004; Coull et al., 2003; Toyoda et al.,
2003). The changes in neuronal Cl ™ homeostasis in these patho-
logical conditions resemble a temporary return to an immature
phenotype, speculated to be important for adaptations required
to reestablish appropriate neuronal connections and functions
(Payne et al., 2003; Toyoda et al., 2003).

Although protein and mRNA expression levels in tissue are
clearly reduced under these pathological conditions, itis not clear
whether KCC2 activity is also subject to modulation via direct
phosphorylation/dephosphorylation during neuronal stress
(Payne et al., 2003). In peripheral tissues, different kinases and
phosphatases can modify swelling or vasodilator-induced cation-
chloride transport; however, the specific pathways involved de-
pend somewhat on cellular origin and experimental conditions
(for review, see Adragna et al., 2004), and there is an array of
different transporters expressed in these tissues (Payne et al.,
2003). In mature hippocampal neurons, activation of receptor
tyrosine kinases, in response to either neurotrophins or epileptic
activity, rapidly decreases KCC2 mRNA levels and surface ex-
pression producing a corresponding depolarizing shift in the
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GABA response (Rivera et al., 2004). The rapid turnover rate of
KCC2 (7 ~ 20 min) suggests that changes in surface expression
may be a dominant way in-which KCC2 activity is regulated
(Rivera et al., 2004). In immature hippocampal neurons, how-
ever, KCC2 can be present in cells without functional KCC2 C1~
transport. Moreover, it may be activated by a broad spectrum
kinase inhibitor, staurosporine, or by activation of tyrosine ki-
nases (Kelsch et al., 2001; Khirug et al., 2005). Furthermore, re-
cent studies have demonstrated that postsynaptic spiking activity
was capable of causing a rapid and sustained dowriregulation of
KCC2 activity viaa Ca** and protein kinase C-dependent mech-
anism (Fiumelli et al., 2005). Hence it would appear that KCC2
activity can be regulated by different cellular kinases and phos-
phatases signaling cascades, independent of changes in cellular
mRNA or protein levels, although it is unclear whether the phos-
phorylation state of KCC2 itself is modified.

In the present study, we have therefore investigated the hy-
pothesis that neuronal stress can modify KCC2 tyrosine phos-
phorylation state and functional activity, independent of changes
in expression levels.

Materials and Methods

All relevant experimental protocols were approved by the Ethics Review
Committee for Animal Experimentation of the Japanese Physiological
Society.

Hippocampal cultures. Embryos were removed from pregnant Wistar
rats at embryonic day 19 (E19) under ether anesthesia, and their hip-
pocampi were dissected out and incubated in Earle’s balanced salt solu-
tion containing papain (16 U/ml; Funakoshi, Tokyo, Japan) for 20 min at
32°C. Single cells were subsequently isolated by trituration with a 5 ml
plastic pipette and plated onto either 0.2% polyethyleneimine-coated
glass coverslips (for electrophysiological and immunocytochemistry) or
into 2 mi culture flasks (for biochemical experiments and cell viability
assay), also coated with polyethyleneimine, and maintained in Neuro-
basal medium containing 0.5 mM L-glutamine and B27 supplement (In-
vitrogen, Tokyo, Japan) at 37°C and 5% CO.,. Cell cultures were fed once
a week by replacing one-half of the above medium with fresh medium
and used for experiments between 4 and 25 d in vitro (DIV) as indicated.

Electrical measurements. Electrical measurements were performed us-
ing the gramicidin-perforated patch-clamp recording technique (Kakazu
et al., 2000; Ueno et al., 2002). The resistance between the patch pipette
filled with the internal solution and the reference electrode in the normal
external solution was 3-5 M(}. Ionic currents were measured with a
patch-clamp amplifier (EPC-7; List Biologic, Campbell, CA), and re-
corded with a sampling frequency of 10 kHz after low-pass filtering at 3
kHz. Currents were recorded, and voltage protocols applied, using
pClamp software {Clampex 9; Molecular Devices, Union City, CA). Re-
versal potentials of GABA-activated currents (Eg,p,) were recorded us-
ing voltage ramps of =300 mV in amplitude and of 1 s duration, applied
to the neuron from a holding potential (V) of —50 mV (Nabekuraetal.,
1996; Kakazu et al., 1999). Eq,p, Was taken as the potential at which
current responsesto voltage ramps, applied just before and during GABA
application, intersected. Current—voltage curves, and data analysis, were
done using Clampfit 9 (Molecular Devices).

Western blots. Cells cultured under the specified conditions were har-
vested by washing and subsequent scraping cell cultures with a solution
containing the following (in mm): 137 Na(l, 2.68 KCl, 8.1 Na,HPO,,
1.47 KH,PO,. This solution was centrifuged for 10 min at 1000 rpm at
4°C. For quantification of KCC2 and B-actin, the cell pellets were sus-
pended in 0.25 ml of buffer (containing 50 mm Tris-HCl, pH 7.5, 150 mm
NacCl, 1% Nonidet P-40, 0.5% sodium deoxycholate, and protease inhib-
itor; Roche, Mannheim, Germany; and phosphatase inhibitor mixture 2;
Sigma, St. Louis, MO) and sonicated on ice for 30 s. The cell lysates were
centrifuged for 30 min at 15,000 rpm at 4°C, and the supernatant was
collected. For quantification of KCC2 and phosphorylated KCC2, the cell
pellets were suspended in 1 ml of buffer (containing 50 mm Tris-HCI, pH
7.5, 150 mm NaCl, 1% Nonidet P-40, 0.5% sodium deoxycholate, and
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protease inhibitor; Roche; and phosphatase inhibitor mixture 2; Sigma)
and sonicated on ice for 30 s. The cell lysates were centrifuged for 10 min
at 15,000 rpm at 4°C, and the supernatant was collected and mixed with
protein agarose A at 4°C on a rocking platform, before additional cen-
trifugation for 1 min at 12,000 rpm. Anti-KCC2 antibody and protein
agarose A were sequentially added to the supernatant before incubating
overnight, all at 4°C on a rocking platform. The pellet was washed mul-
tiple times, first with buffer containing 50 mm Tris-HC, pH 7.5, 150 mm
NaCl, 1% Nonidet P-40, 0.5% sodium deoxycholate, and protease inhib-
itor (Roche) and phosphatase inhibitor mixture 2 (Sigma), and then
containing 50 mm Tris-HCI, pH 7.5, 500 mum NaCl, 0.1% Nonidet P-40,
0.05% sodium deoxycholate, and then with 10 mm Tris-HCl, pH 7.5,
0.1% Nonidet P-40, 0.05% sodium deoxycholate, and then these samples
were heated to 100°C in SDS sample buffer for 5 min. The protein con-
centrations were determined with a BCA protein assay reagent kit
(Pierce, Rockford, IL). The same amount of protein was applied to each
lane in all Western blotting experiments, being 2 ug for detecting KCC2
and B-actin, and 25 pg for the immunoprecipitate Western blots to
quantify the phosphorylated KCC2 and total KCC2. The sample was run
through a 7.5% SDS-PAGE (Bio-Rad, Hercules, CA) to separate KCC2
and phosphorylated KCC2 and B-actin, which were transferred to a
Immobilon P (Millipore, Bedford, MA), and incubated for 1 h with 1%
bovine serum albumin (BSA) in a TBS-T solution composed of 20 mm
Tris, pH 7.6, 137 mM NaCl, and 0.1% Tween 20. The membranes were
incubated overnight with anti-KCC2 antibody (Upstate Biotechnology,
Lake Placid, NY) diluted at 1:750, anti-phosphotyrosine antibody (clone
4G10) (Upstate Biotechnology) diluted at 1:500, anti-phosphotyrosine
antibody (clone PY20) (Sigma) diluted at 1:2000, or anti-8-actin anti-
body (Sigma) diluted at 1:10,000. All antibody dilutions and incubations
were done in TBS-T solution containing 1% BSA. After washing the
membranes four times for 15 min each with TBS-T, they were further
incubated for 1 h with horseradish peroxidase-conjugated secondary an-
tibody in TBS-T buffer. Protein was visualized using an ECL detection
system (Amersham Biosciences, Piscataway, NJ). The size of protein was
identified using a protein size marker (Invitrogen). The band of KCC2
was detected at 150 kDa. The relative band intensities were determined
by densitometry using NIH Image.

Cell surface biotinylation assay. After treatment of cultured neurons for
1 hwith the appropriate experimental condition (H,0, with and without
NazVO,), cells were immediately washed twice with ice-cold PBS. Cell
surface proteins were biotinylated using 0.5 mg/ml cell impermeant,
noncleavable sulfo-NHS-Biotin (Pierce) in PBS for 30 min at 4°C. The
reaction was stopped with quenching solution (Pierce), and cells were
harvested in 10 ml of TBS by scraping. Cells were collected by centrifu-
gation at 500 X g for 3 min and rinsed with 5 ml of TBS and collected
again by centrifugation at 500 X g for 3 min. Cells were dissolved in 250
wlof lysis buffer (Pierce) containing protease inhibitor mixture (Sigma).
Cell lysate was sonicated for 30 s, and then centrifuged at 10,000 X g for
2 min at 4°C. Supernatants was reacted with Neutravidin Gel (Pierce) for
60 min at room temperature, before triplicate washes with wash buffer
(Pierce) containing the protease inhibitor mixture (Sigma). Proteins
were eluted by incubating with SDS-PAGE sample buffer containing 50
mm DTT for 60 min before being subjected to Western blotting.

2P labeling assay for KCC2 phosphorylatyion. Cultured hippocampal
neurons (20 DIV) were incubated for 30 min in sodium phosphate-free
DMEM (P-free medium; Invitrogen), before labeling with P-free me-
dium containing [**Plorthophosphate (150 wCi per 60 mm dish;
PerkinElmer Life Sciences, Boston, MA) for 2 h. H,0, (50 um) wasthen
added to the medium for another 60 min. The cells were then washed
three times with ice-cold PBS, and lysed with a lysis buffer. The lysates
obtained by centrifugation were subjected to immunoprecipitation with
anti-KCC2 antibody and rabbit control IgG, followed by the addition of
20 ul of a 50% slurry of protein G-Sepharose beads. The immunopre-
cipitates were analyzed by SDS-PAGE, followed by autoradiography
(BAS2500; Fuji Film, Tokyo, Japan).

Immunocytochemistry. Cells cultured on coverslips were fixed by re-
placing medium with a solution of 4% paraformaldehyde in 0.1 mm PBS,
pH 7.2, and incubated for 40 min at room temperature (RT), and then
washed with TNBS buffer (0.3% Triton X-100 and 1% normal goat se-
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rum in PBS). Subsequently, cells were permeéabilized by incubation for
1 h (RT) in a blocking solution containing 2% BSA in TNBS buffer.
Anti-KCC2 antibody (at 1:325 dilution) and anti-microtubule-
associated protein 2 (MAP-2) antibody (Upstate Biotechnology; at 1:100
dilution) was added and incubated overnight at 4°C (Williams et al.,
1999) before being rinsed with TNBS buffer and incubated with Alexa
488 594 secondary fluorescent antibodies (Invitrogen, Eugene, OR), be-
fore final rinsing and addition of Slowfade (Invitrogen). Fluorescent im-
ages were obtained using a laser-scanning confocal microscope (Leica
Microsystems, Wetzlar, Germany).

In utero electroporation. Timed-pregnant Sprague Dawley rats were
anesthetized with sodium pentobarbital (0.625 mg per 10 g of body
weight, i.p.), their abdominal cavities were cut open, and the uterine
horns were exposed. Approximately 1~2 pl of DNA solution was injected
into the lateral ventricle of embryos at E15-E17 using a glass micropi-
pette. Each embryo within its uterus was placed between tweezer-type
electrodes (CUY650-P5; NEPA Gene, Chiba, Japan). For targeting the
cortical ventricular zone, the angle of inclination of theelectrode paddles,
with respect to the horizontal plane of the brain, was zero. Square electric
pulses (50 V; 50 ms) were applied to the electrodes five times, at 75 ms
intervals, using an electroporator (CUY21E; NEPA Gene). To avoid ex-
cessive temperature loss, only a few embryos were exposed at any one
time, and care was taken to quickly place them back into the abdominal
cavity after electroporation. Once all embryos were electroporated, the
wall and skin of the abdominal cavity were sutured, and embryos were
allowed to develop normally. The KCC2 vector was a EGFP-IRES-KCC2
plasmid construct. Plasmid DNA was purified with an Endofree plasmid
maxi kit (Qiagen, Valencia, CA), and resuspended in 10 mm Tris-HCI,
pH 8.0. Before the procedure, plasmid DNA was diluted to 1 pg/ul in
PBS, and Fast Green solution was added to a final concentration of0.03%
to monitor the injection.

Data analysis. Values are the mean * SE of at least three or four
independent experiments. Statistical examination was performed by
one-way factorial ANOVA combined with Scheffé’s test for all compari-
son pairs. Differences with p < 0.05 were considered significant.

Results

The effects of neuronal stressors on KCC2 protein -

expression and phosphorylation in primary hippocampal
neuron cultures

To investigate changes in KCC2 protein expression and phos-
‘phorylation during neuronal stress, we used an in vitro system
generating primary cultures of hippocampal neurons isolated
from embryonic E19 rats. A variety of neuronal traumas have
been shown previously to induce disruptionsin Cl ~ homeostasis,
Egasa» and/or downregulation of KCC2 mRNA or protein ex-
pression. We initially investigated the effects of H,O, incubation,
a model of oxidative stress and free radical-induced neuronal
damage (Whittemore et al., 1995). Figure 1, A and B, shows that
prolonged incubation with H,O, (50 M) results in a decrease in
expression levels of KCC2 protein in the membrane fraction,
with this decrease becoming evident with H,O, incubation peri-
ods >3 h. There was little change in levels of 8-actin over the
same time period. In contrast, the level of tyrosine-
phosphorylated KCC2 decreases more rapidly, and a significant
decrease in the ratio of tyrosine phosphorylated KCC2 to total
KCC2 was seen at the earliest time point examined (1 h incuba-
tion) (Fig. 1C,D). In the experiment illustrated by Figure 1C, two
samples of 2 ug of protein were applied to two separate gels of
equal composition, which were then stained as described in Ma-
terials and Methods. After 3 h H,O, incubation, total KCC2 levels
were 88 * 4.6% of control levels (before H,O, application),
whereas the ratio of tyrosine-phosphorylated KCC2 to total
KCC2 declined to 16.7 % 1.2% of control levels (n = 4). A qual-
itatively similar rapid loss of tyrosine-phosphorylated KCC2 in
response to H,O, was seen using a tyrosine-phosphorylated
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Figure1.  Thetime course of KCC2 protein expression and phosphorylation ratio in cultured
hippocampal neurons during oxidative stress. A, Westem blots showing total KCC expression in
membranes of hippocampal neuronis, before (cont) and 1-12h after treatment of hippocampal
cultures (21-25 DIV) with H,0, (50 gea1). Equal amounts of protein (2 11g) were applied to each
lane. The bottom panel shows expression levels of the control protein, B-actin, in parallel
experiments on membranes prepared from the same cell cultures. B, Averaged optical density
of total membrane K(Q2 expression, at 1-12 h H,0, incubation, expressed relative to control
levels of KCC2. Each column represents the mean and SEM of data from four experiments. €,
Western blots showing tyrosine-phosphorylated KCC2 (top row) and total KCC2 expression in
hippocampal neurons, before {cont) and 16 h after treatment of hippocampal cultures with
H,0, (50 rum). The same amount of protein (25 £xg) was added to each lane, and the same
samples were used to detect both total KCC2 and phosphorylated KCC2. D, Averaged ratio of
optical density of tyrosine-phosphorylated KCQ2 relative to total KCQ2 expression (bottom row),
at 1-6 h after H,0, incubation. Each column represents the mean and SEM of data from four
experiments. The relative amount of tyrosine-phosphorylated KC(2 is markedly decreased by
1 h after treatment with H,0,, before any change is observed in total K(C2 expression levels.
**p < 0.01 compared with control; N.S, not significantly different from control.

KCC2 antibody from a different clone PY20 (Sigmia), and when
KCC2 phosphorylation state was identified with autoradiogra-
phy with *P labeling (supplemental Fig. 1, available at www.
jneurosci.org as supplemental material).

Our preliminary experiments had indicated that inducing sei-
zure activity by injection of kainic acid resulted in a gradual de-
crease in KCC2 protein levels in subsequently excised hippocam-
pal membranes that was preceded by more rapid decreases in
tyrosine phosphorylation (data not shown). Hence we also inves-
tigated models of in vitro epileptic activity using our hippocampal
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Figure2.  The time course of K2 protein expression and phosphorylation ratio in cultured hippocampal neurons during two
different in vitro models of epilepsy. 4, Westem blots showing total KCQ2 expression, and control levels of 3-actin expression in
parallel experiments on membranes from the same cell cultures, before {cont) and 16 h after incubation with BDNF (20 ng/mi;
top-panels) or 1-9 h after incubation with 0 Mg2™ (bottom panels). B, Averaged optical density of total membrane K(C2
expression, at 1- 6 h incubation with BDNF or 0 Mg ™, expressed relative to control levels of KCC2. Each column represents the
mean and SEM of data from three experiments. , Western blots showing total KCC2 {bottompanel) and tyrosine-phosphorylated
KCC2 (top panel) expression in control conditions (cont) and at 2 h after BDNF and 0Mg 2+ incubation. D, Averaged ratio of optical
density of tyrosine-phosphorylated KC(2 relative to total KCC2 expression, in contro! conditions, and at 2 h after BDNF or 0Mg 2™
incubation. Each column represents the mean and SEM of data from four experiments. The relative amount of tyrosine-
phosphorylated K((2is markedly decreased before any change s observed in total KCC2 expression levels. **p << 0.01, *p << 0.05

compared with control.

cultures. The exogenous application of BDNF, a neurotrophin
whose expression and release is increased during in vivo seizure
activity, has also been shown to induce a decrease in KCC2
mRNA and protein expression and an impairment of CI ™ extru-
sion in hippocampal neurons in vitro (Rivera et al,, 2002). Incu-
bation of isolated neurons or slices with 0 Mg*™ has been shown
to elicit hyperexcitability in vitro (Rivera et al., 2004). Figure 2, A
and B, shows KCC2 protein levels in hippocampal neurons are
unchanged at 1 and 3 h after incubation with BDNF, but down-
regulated after 6 h BDNF incubation. KCC2 protein levels are
also downregulated after 3 h incubation in Mg?* -free culture
medium. Neither of these treatments produced any change in the
expression levels of B-actin. These treatments also resulted in a
reduced tyrosine phosphorylation of KCC2, and, for BDNF in-
cubation, this was observed at time points before changes in
KCC2 protein levels (Fig. 2C,D). The ratio of tyrosine-
phosphorylated KCC2 to total KCC2 protein was reduced by
~50% 2 h after BDNF application, at a time when total KCC2 was
unchanged. Although total KCC2 expression levels were de-
creased by ~509% after 3 h incubation in Mg** -free culture me-
dium, the ratio of tyrosine-phosphorylated KCC2 to total KCC2
protein decreased by an even greater amount (by 77 = 4%; n = 4)
after just 2 h incubation.
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application of GABA (30 uM), and Eg, 5,
was measured before, and 1, 3, 6,and 9h
after application of H,O, (Fig. 3). In con-
trol conditions, GABA application pro-
duced a large outward current at a2 V;; of
—50 mV which reversed at -71 = 7.8 mV
{n = 5). Furosemide shifted Eg, gz, to
=55 & 3 mV (n = 5). In addition, the
replacement of intracellular K* with Cs*
(Kakazu et al., 1999, 2000) also shifted
Egapa to —47 = 3 mV, confirming that a
furosemide- and K *-sensitive mechanism
(i.e., KCC2) plays an important role in
maintaining low intracellular Cl~ in adult
hippocampal neurons.

One hour after application of H,O,,
the outward current response to GABA had decreased and E, 5,
already showed a shift to more positive potentials (Fig. 3), indi-
cating that loss of tyrosine phosphorylation of KCC2 results in
functional downregulation of KCC2 and an increase in intracel-
lular C1™. During continued incubation with H,0,, Eg.ga
shifted to more positive potentials with the GABA response at a
Vy of —50 mV, eventually being converted into an inward cur-
rent. There seemed to be two phases of the changein Eg 45, (Fig.
3), an early change occurring within 1 h of H,O, treatment, and a
more gradual depolarizing shift in Eg .5, that occurred between 6
and 9 h after application of H,O,, presumably corresponding to a
time when total KCC2 protein levels are decreased.

2h  2h

Role of protein phosphatases in the loss of KCC2

tyrosine phosphorylation

A loss of tyrosine phosphorylation of KCC2 may result from an
increased activity of tyrosine phosphatases and/or a decreased
activity of tyrosine kinases. To investigate potential underlying
mechanisms, we examined the effects of sodium vanadate
(Na,VO,), a specific inhibitor of tyrosine phosphatases (Swarup
et al., 1982), on the oxidative stress-induced change in KCC2
tyrosine phosphorylation ratio. Incubation for 3 h with both
Na, VO, (100 um) and H,0, (50 uM) did not significantly affect
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Figure3. Changesin £gyg, in primary cultured hippocampal neurons duringincubation with
H,0,. A, Representative whole-cell membrane cuments recorded using the gramididin-
perforated patch technique, in response to application of GABA (30 ze; thick horizontal bars),
. recorded ata V,, of —50mV, before and at different times during H,0, (50 pu) incubation as
indicated. The outward currents gradually decreased in amplitude, and eventually the response
o GABA changed to an inward current response after 9 h incubation with H,0,. B, Averaged
Eeapa measured in neurons incubated with H,0, for up to 9 h as indicated. Each data point
represents the mean and SEM of £, recordedin five neurons. H,0, incubation caused £ ., to
rapidly (<1h) shift to amore depolarized level resulting in a reduced outward cumrent response
ataV, of — 50 mV. Prolonged (>>6 h) incubation with H,0, caused an additional depolarizing
shift in £qqga, which could even result in an inward current ata ¥y, of —50 mV. *p < 0.01
compared with the control Eg pg,: *p << 0.05 comparing £g x5 at 6and 9 b, [(17], 159 mu.

total KCC2 expression levels (supplemental Fig. 2, available at
www.jneurosci.org as supplemental material) (n = 4) (see also
Fig. 44). Incubation of cultured hippocampal neurons with
Na, VO, (100 um) for 1-3h, induced an approximate doubling of
the proportion of KCC2 that was tyrosine phosphorylated (Fig.
4 B; supplemental Fig. 1 B, available at www.jneurosci.org as sup-
plemental material), indicating a basal level of tyrosine kinase
and phosphatase activity in control conditions. When neurons
were incubated for 1 or 3 h with both Na,VO, (100 um) and H,O,
(50 um), the proportion of KCC2 that was tyrosine phosphory-
lated increased markedly, by ~4- and 10-fold, respectively (Fig.
4A). In addition, an incubation with H,O,, and other possible
tyrosine phosphatase blockers (e.g., phenylarsine oxide and
Na,Mo0,), but not a serine—threonine phosphatase blocker,
okadaic acid, also increased the phosphorylated KCC2 (supple-
mental Fig. 3, available at www.jneurosci.org as supplemental
material). This is in stark contrast to the effects of H,O, alone in
causing a reduced proportion of phosphorylated KCC2 (Figs. 1,
4 D) and suggests that oxidative stress stimulates an increased rate
of both tyrosine phosphorylation and dephosphorylation (i.e.,
increased turnover), with dephosphorylation being dominant
and the increased phosphorylation apparent only once phospha-
tase activity is blocked. The self-consistency of these results re-
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Figure 4. Fffects of phosphatase inhibition and (a2 chelation on relative tyrosine phos-
phorylation of KCQ2. A, B, Western blots showing expression levels of tyrosine-phosphorylated
KCC2 (top rows) and total KCC2 (bottom rows) in control conditions and at 1 and 3 h after
application of the phosphatase inhibitor Na,V0, (100 gus) with (4) and without (B) H,0,. €,
Expression levels of tyrosine-phosphorylated XCC2 (top row) and total KC(2 (bottom row) in -
control conditions and at 1 h after application of H,0, in the presence of BAPTA-AM (10 ). D,
Averaged optical density of the ratio of tyrosine-phosphorylated KC(2 relative to total K(Q2
expression levelsin membrane of cultured hippocampal neurons incubated in Na, V0, (100 )
with or without H,0, (1 and 3h), or incubated with H,0, and BAPTA-AM. Ratios are expressed
relative to that in control conditions before incubation with any test compounds. A total of 25
fug of protein was added to each lane, and the same samples were analyzed for both total K(Q2
and tyrosine-phosphorylated KCC2. Columns show mean and SEM of data from four experi-
ments. **p << 0.01 comparing Na,V0,, incubation with and without H,0,; *p << 0.05 com-
pared with control; N.S, not significantly different from control.

quires that H,O, stimulates kinase activity, because otherwise the
10-fold stimulation in H,0, + Na,VO, at 3 h would be unex-
plained compared with the very modest stimulation in Na,VO,
alone and the small decrease by H, O, alone as illustrated in Fig-
ure 4D. Under conditions of intracellular Ca** chelation with
BAPTA-AM, H,O0, failed to decrease (and modestly increased)
the proportion of phosphorylated KCC2 (Fig. 4C,D), suggesting
that the decrease in KCC2 tyrosine phosphorylation and function
may be mediated by elevation of intracellular Ca®*.

Cell surface localization of KCC2 in hippocampal primary
neuronal cultures in response to neuronal stress

It has recently been reported that the protein levels of KCC2 in
hippocampal slices exposed to either Mg**-free solution or
BDNF (100 ng/ml) show a decrease within 1 and 2 h, respectively
(Rivera et al., 2002, 2004). The half-life of surface-expressed
KCC2 in hippocampal slices exposed to 0 Mg®" was also de-
creased, from a mean of ~20 to 10 min (Rivera et al., 2004).
Because this suggests a rapid translocation of KCC2 between the
plasma membrane and intracellular compartments, we decided
to investigate the cellular distribution of KCC2 in control condi-
tions, and after 1 h incubation with H,O,, a time corresponding
to when tyrosine phosphorylation is markedly reduced but total
KCC2 protein is unaffected. We used both confocal microscopy
and quantification of biotinylated surface proteins. Typical fluo-
rescent images are shown in Figure 5. In control neurons, KCC2
was expressed on the plasma membrane along the proximal den-

424



Wake et al. @ KCC2 Phosphorylation and Neuronal Injury

A

control

H,0,
1h

H,0,+
Na,VO,

£ |
B S1s
Surface KCC2 f’
[#]
g xk
@
A k]
Pr %29 g ol X x %
o 2 L°0o
7 O

Figure5. Immunofiuorescent staining of the cellular localization of KCC2 and quantification
of cell surface expression of KCC2 in cultured hippocampal neurons treated with H,0,. 4, K(C2
immunofluorescent images {red) in two control neurons (top panels) with MAP-2 staining
(green). Note the staining of KC(2 (represented byred fluorescence) observed on the celisurface
throughout the soma and particularly throughout the proximal dendrites. KCC2 immunofiuo-
rescent images after 1 h H,0, incubation without (middle panels) and with the phosphatase
inhibitorNa vanadate (Na,V0,) (100 zu) (bottom panels). Note the loss of surface expression of
KCC2 in response to H,0,, which was not observed with additional Na,V0, incubation. The
insetsin each panel show an enlargement ofthe area depicted by the dotted squares. Scale bars,
10 pem (for each panel). B, Biotinylation assay of cell surface expression of KCC2, in control
conditions, and after 1 hincubation in H,0,, with and without Na V0, (100 £eh). The left pane!
shows a sample Westem blot, and the right panel shows averaged optical densities of Western
blots from three separate experiments. Ervor bars indicate SEM. The same total protein (2 p1g)
was appliedto each lane. Surface expression of KCC2 shows a significant decreasein response to
H,0,, which is prevented by Na,V0,. **p < 0.01 compared with control.

drites and throughout the cell soma (Fig. 5, control). One hour
after incubation with H,O,, most of this surface immunostaining
of KCC2 appeared to have been lost (Fig. 5, H,0,). After 1 h
incubation with both H,O, and Na,VO,, however, the surface
expression of KCC2 was maintained (Fig. 54, H,O, + Na,VO,).
The biotinylation assay also clearly demonstrated that H,O, in-
cubation resulted in a marked decrease in surface expression of
KCC2 that could be prevented by coincubation with Na,VO,
{Fig. 5B).
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Consequences of KCC2 functional downregulation on
neuronal viability
Although a number of reports, as well as the data above, have
indicated functional downregulation of KCC2 in response to
neuronal injury or stress (see Introduction), it is not clear what
the consequences of changes in KCC2 function are in regard to
neuron viability. To begin to address this, we used a coarse, but
simple, measure of cell viability, the ability of healthy neurons to
exclude the membrane impermeant dye trypan blue. Incubation
of cultured neurons with H,O, (50 uM) led to aloss of cell via-
bility, with 25 = 12% of neurons observed unable to exclude
trypan blue (Fig. 6 A). Our above results showed that KCC2 func-
tion is downregulated by such oxidative stress, and consequently
GABA responses become depolarizing. Therefore, we next inves-
tigated whether activation or inhibition of GABA,, receptors dur-
ing oxidative stress could affect cell viability. Coapplication of the
GABA,, receptor agonist, muscimol (30 uM), during H,0, incu-
bation, resulted in an increase in the proportion of neurons that
could not exclude trypan blue (Fig. 6A), indicating enhanced
neuronal death. Conversely, coapplication of the GABA,, recep-
tor antagonmist, 2-(3-carboxypropyl)-3-amino-6-(4-methoxy-
phenyl)pyridazinium (SR 95531) (30 uM), resulted in a decrease
in the proportion of neurons that could not exclude trypan blue.
Muscimol (30 pM) alone did not affect this proportion (n = 3).
Hence endogenous and exogenous activation of GABA, recep-
tors during oxidative stress can exacerbate the loss of cell viability
during oxidative stress

We next investigated the consequences of manipulating the
levels of KCC2 that become tyrosine dephosphorylated during
oxidative stress. Our first approach was to overexpress KCC2,
because in neurons with excess transporters, a greater absolute
number will maintain tyrosine phosphorylation during oxidative
stress. To overexpress KCC2, we generated a pKCC2-IRES-EGFP
¢DNA construct and transfected rat embryos at E15-E17 with
this vector using in utero electroporation. Cortical neuronal cul-
tures were subsequently generated from these transfected em-
bryos at E20. We choose to use in utero-transfected cultures of
cortical neurons, as opposed to in vitro transfection of hippocam-
pal neurons, because we could achieve higher transfection rates
with this method and considered it to be a less stressful stimulus
for the neurons, given that they could recover from the transfec-
tion procedure in vivo. To confirm successful overexpression of
KCC2, we compared Eg 3, in cultured neurons expressing green
fluorescent protein (GFP) with control neurons from the same
cultures that did notexpress the GFP construct, at 4~5 DIV, using
gramicidin-perforated patch-clamp recordings (Fig. 6 B). In con-
trol neurons, GABA (30 uM) evoked an inward current ata Vi of
—50 mV, which reversed at —47.9 = 5.4 mV (Fig. 6B, n = 6).
This is consistent with previous results in primary hippocampal
neuronal cultures derived from embryonic rats, which fail to
show a functional KCC2 response until ~2 weeks in vitro (Kelsch
etal., 2001; Fiumelli et al., 2005; Khirug et al., 2005). In contrast,
in neurons expressing the construct, GABA induced an outward
current at a Vy; of —50 mV, which reversed at a more hyperpo-
larized potential of —58.6 = 0.6 mV (n = 6). This indicates a
reduced intracellular Cl~ resulting from overexpression of
KCC2. These results also indicate that overexpression of KCC2
alone can induce functional transport in cultured neurons within
the first week in vitro, despite other cellular processes that are
typically required to mature to confer functional activity (Kelsch
et al., 2001; Khirug et al., 2005). At 10 DIV, incubation with
control neurons with H,O, (50 um) for up to 9 h resulted in
~50% of neurons observed unable to exclude trypan blue. For
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neurons from the same cultures that over-
expressed KCC2, the loss of cell viability
was markedly reduced, and this was ob-
served at both 3 and 9 h incubation times.
After 9 h incubation, for example, only
~20% of neurons were unable to exclude
trypan blue (Fig. 6C).

Our next approach to investigating
functional consequences of KCC2 ty-
rosine phosphorylation during oxidative
stress was to incubate neurons with both
H,0, (50 M) and the tyrosine phospha-
tase inhibitor Na;VO, (100 uMm), resulting
in an increased proportion of tyrosine-
phosphorylated KCC2 (Fig. 4). After 3h of
Na, VO, and H,0, incubation, the loss of
cell viability was markedly reduced (Fig.
6C). Decrease of the loss of cell viability
could also be observed in an incubation
with H,O, and other possible tyrosine
phosphatase blockers, phenylarsine oxide
and Na,MoOQ, (supplemental Fig. 4, avail-
able at www.jneurosci.org as supplemen-
tal material). After more prolonged
Na, VO, and H,0, incubation (9 h), how-
ever, the proportion of neurons unable to
exclude trypan blue was not significantly
different from that in control neurons.
Both these sets of experiments suggest that
increasing the relative proportion of
tyrosine-phosphorylated KCC2 protects
against the loss of cell viability in response
to short periods of oxidative stress,
whereas increasing KCC2 expression lev-
els can sustain cell viability for prolonged
periods of oxidative stress.

Discussion

Do changes in KCC2 expression levels
after neuronal stress alone determine
cellular KCC2 activity?

A hyperpolarizing ionotropic GABA re-
ceptor response in neurons occurs pri-
marily because of the ability of KCC2 to
use the transmembrane K * gradient to ex-
trude Cl~ and hence keep [Cl7]; low.
Various neuronal traumas can result in a
conversion of the GABAergic response to
a depolarization. In some instances, such a
depolarizing GABA response has been
correlated with a decrease in KCC2 ex-
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Figure6. Theroleof K(C2downregulation and GABA,, receptor ligands on the survival of cultured hippocampal neurons during
H,0, incubation. 4, Top panels, Examples of cuftured hippocampal neurons incubated with H,0, (50 ) for 3 h. Cell viability was
assayed by trypan blue exclusion with neurons stained blue indicating cell damage and/or death. The left panel shows control
neurons (H,0, only). The middle panel shows neurons incubated with H,0, and the GABA,, receptorantagonist SR 95531 (30 ).
The right panel shows neurons incubated with H,0, and the GABA, receptor agonist muscimol {30 zus). SR 95531 or muscimol
were applied according to the protocol shown schematically in the bottom left panel. The right bottom panel graph shows
averaged data showing the effects of H,0, (50 pn) incubation for 3 h on cell viability {control) and that of additional incubation
with muscimol or SR 95531. The averaged data derives from measurements of over 300 cells, in three different cel cultures. Error
bars indicate SEM. *p << 0.05 compared with control. Scale bar, 10 1. B, Top panels, An image of culture neurons (left) and a
fluorescent image of K(Q2-GFP-overexpressed neurons (right). The arow in the left image indicates the neuron expressing GFP,
shown in the right image. The bottom graph shows £, in controf neurons (without GFP) and in KCQ2-overexpressing neurons
(with GFP; all at 4DIV). £ 45, is significantly more hyperpolarized in KCC2-overexpressing neurons compared with control neurons.
€, The averaged time course of the loss of cuftured hippocampal neuron (10 DIV) viability after 3 and 9 h H,0, (50 1) incubation
{control). In neurons overexpressing KCC2 (KCC2 overexpressed; pink squares) identified with GFP, the loss of cell viability was
reduced at 3and 9. In neurons also incubated with the phosphatase inhibitor Na,V0, (100 1uu; green triangles), the loss of cell
viabifity at 3 h was reduced but was back at control levels at 9 h. Error bars indicate SEM. **p << 0.01, *p << 0.05 compared with
the same time point under control conditions.

Ca®* and PKC (protein kinase C)-dependent downregulation of

pression [axotomy (Nabekura et al., 2002; Toyoda et al., 2003),
seizures (Rivera et al., 2002), neuropathic pain (Coull et al,
2003)]. Given the rapid turnover of membrane-bound KCC2
(Rivera et al., 2004), and possible subsequent degradation, these
data are compatible with a hypothesis in which KCC2 expression
levels may be the principal determinant of changes in cellular
KCC2 activity in response to injury. However, there are also some
instances of mismatches apparent between altered KCC2 expres-
sion levels and functional consequences. In a model of in vivo
cortical epilepsy, Jin et al. (2005) indicate an apparent downregu-
lation of KCC2 expression without marked changes in KCC2
activity. Fiumelli et al. (2005) reported a neuronal activity and

KCC2 function that occurred too rapidly to be mediated by alter-
ations in KCC2 expression. Furthermore, during in vitro neuro-
nal development of hippocampal neuromns, it is clear that KCC2
can be present at early stages but nonfunctional, with activity
induced by a broad kinase inhibition or with tyrosine kinase ac-
tivation (Kelsch et al,, 2001; Zhu et al., 2005), although whether
these changes in phosphorylation were to KCC2 itself or some
accessory protein is not investigated. Our results demonstrate
that loss of direct KCC2 tyrosine phosphorylation occurs in re-
sponse to neuronal stress and that this dephosphorylation corre-
lates to loss of functional KCC2 activity and also precedes changes
in KCC2 expression levels. Hence changes in cellular KCC2 ac-
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tivity can occur in response to injury independent of changes in
expression levels. The resultant initial increase of [Cl7];led to a
reduced or absent GABA hyperpolarization. During more pro-
longed neuronal stress, a second phase of [Cl7]; increase was
apparent that was associated with a conversion of the GABA re-
sponse to a depolarization and a reduced expression of KCC2
protein. Hence we would propose that injury results in two
phases of reduced KCC2 activity: an initial downregulation at-
tributable to loss of tyrosine phosphorylation and a second phase
correlated with loss of KCC2 protein levels.

Although KCC2 is primarily responsible for maintaining low
[C17); and hyperpolarizing GABA responses in adult neurons
(Kakazu et al., 1999), the cation-chloride cotransporter NKCC1
also contributes to neuronal Cl~ homeostasis (Okabe et al.,
2003). Our present study has not addressed whether the activity
of this transporter also changes with neuronal stress. Pond et al.
(2006) have reported that the activity of NKCC1 in hippocampal
neurons increases in response to in vitro ischemia, via an in-
creased serine/threonine phosphorylation. An increased NKCC1
activity would result in additional increases in [C] 7], exacerbat-
ing the consequences of KCC2 functional downregulation.

Mechanism linking loss of tyrosine phosphorylation to
reduced cellular KCC2 activity

The correlation between dephosphorylated KCC2 and the loss of
surface expression of KCC2 is consistent with the functional
downregulation being attributable to alterations in membrane
trafficking of the KCC2 protein, either an increase in internaliza-
tion/endocytosis or a decrease in insertion/exocytosis. Little is
known about the mechanisms underlying these processes in re-
gards to cation-chloride transporters, despite the recent sugges-
tion for the related NKCC2 protein, that dynamic alterations in
surface expression may mediate hormone-evoked changes in
Kidney salt transport (Meade et al., 2003), despite the wealth of
studies on acute regulation of surface expression of other mem-
brane proteins (Kittler and Moss, 2003; Le Roy and Wrana,
2005). Our studies show that Na,;VO, prevented the loss of sur-
face KCC2 expression in response to oxidative stress, suggesting
that tyrosine dephosphorylation precedes loss of KCC2 surface
expression. Rivera et al. (2004) reported that 0 Mg>* -induced
epileptic activity increased the turnover rate of biotinylated
surface-expressed KCC2. It is interesting to speculate that the
increased internalized KCC2 was attributable to aloss of tyrosine
phosphorylation, whereas a fraction (20%), seemingly more
membrane stable, remained phosphorylated and functional. Ad-
ditional darification of the underlying mechanisms responsible
for membrane trafficking, and whether this involves KCC2 ty-
rosine dephosphorylation, is an important question for future
studies.

Our data suggest that stress or injury can induce an increasein
the KCC2 tyrosine phosphorylation/dephosphorylation rate,
with an overall reduction in the tyrosine-phosphorylated propor-
tion of KCC2 and a resulting rapid loss of function associated
with reductions in membrane surface expression. Clearly, other
signaling mechanisms exist to acutely modulate KCC2 function
in response to different stimuli. In regard to tyrosine phosphor-
ylation, activation of the receptor tyrosine kinase TrkB, in re-
sponse to 0 Mg** incubation, can result in functional KCC2
downregulation and reduced KCC2 cellular expression, in a pro-
cess involving both phospholipase Cy and the src homology 2
domain containing transforming protein (Rivera et al., 2004).
Conversely, exogenous activation of the cytoplasmic tyrosine ki-
nase, sr¢, has been shown to activate KCC2 in cultured neurons
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(Kelsch et al., 2001). In response to sustained postsynaptic spike
activity, KCC2 function was rapidly downregulated in cultured
hippocampal neurons, via a Ca*-dependent signaling mecha-
nism that did not involve tyrosine kinases or serine/threonine
phosphatases, but rather involved activation of protein kinase C
(Fiumelli etal., 2003). However, in none of these previous studies
was the phosphorylation state of KCC2 directly examined, so it
remains unclear whether the effects were attributable to changes
in the phosphorylation of KCC2 itself or of some modulatory
protein.

Functional significance of KCC2 downregulation

Seizure activity, oxidative stress, axotomy, nerve injury, and ar-
thritis all result in decreases in KCC2 expression and function,
and a conversion of GABA-mediated responses toward depolar-
ization. Whether this process contributes to the pathological
symptoms and/or neuronal damage, or is an adaptive response to
promote recovery is not totally clear and may depend on the type
of insult. The conversion of GABAergic responses to depolarizing
has been shown to be present in a range of in vitro and in vivo
seizure models and in human epileptics (Cohen et al., 2002;
Khalilov et al., 2003; Rivera et al., 2004; Jin et al., 2005) (for
review, see Cossart et al., 2005), and KCC2 downregulation may
be important in the genesis and maintenance of seizure activity.
Consistently, neonatal neurons have both a reduced KCC2 ex-
pression and show increased seizure susceptibility, although the
correlation does not precisely match (Khazipov et al., 2004).
BDNF-induced downregulation of KCC2 can be correlated to a
mode] in which BDNF generates seizures in response to a variety
of causes (Binder et al., 2001; Rivera et al., 2002). In addition,
BDNF decreases the IPSCs in amplitude in the hippocampal ex-
citatory neurons (Mizoguchi et al., 2003), introduced by the de-
polarizing shift of IPSC reversal potential (Wardle and Poo,
2003) as well as by the internalization of GABA , receptors (Kane-

.matsu et al., 2003). However, elevations in extracellular K* that

are likely to occur with increased neuronal activity, may reverse
the direction of transport for KCC2, so thatitresultsin Cl ~ influx
(Payne, 1997; Kakazu et al., 2000). Furthermore, KCC and related
transporters may contribute to volume changes and cell swelling
that can exacerbate seizures (Schwartzkroin et al., 1998; Haglund
and Hochman, 2005). In these situations, a reduction in KCC2
activity would actually reduce GABAergic depolarization and
neuronal activity, and it remains conceivable that functional
downregulation may be an adaptive and neuroprotective re-
sponse to seizure activity.

In our simple model of in vitro oxidative stress, overexpres-
sion of KCC2, and the subsequent maintenance of [Cl~]; ho-
meostasis, was neuroprotective. Similarly, inhibition of phospha-
tase activity in these cells, which may be expected to reduce the
downregulation of KCC2 tyrosine phosphorylation and function
{among other things), also enhanced neuronal survival, again
suggesting that functional downregulation of KCC2 may contrib-
ute to neuronal damage. Importantly, phosphatase inhibition did
not affect neuronal viability during prolonged oxidative stress,
corresponding to the second phase of KCC2 downregulation at-
tributable to loss of KCC2 expression. Although oxidative stress
may cause loss of neuronal viability for multiple reasons, part of
this response involved, at least in our experimental conditions,
activation of GABA, receptors. Whitternore et al. (1995) re-
ported, for cultured cortical neurons, that H,O, can result in
elevations of intracellular Ca®~. Hence one simple possibility is
that, by preventing KCC2 functional downregulation and GABA-
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induced depolarization, there may be reduced excitotoxic Ca>*
influx (Sattler and Tymianski, 2000).

Additional insights into the role of KCC in different types of
neuronal stress require careful consideration of the time course of
functional changes in KCC2, manipulation of these changes, and
monitoring the effects of these manipulations on neuronal dam-
age and/or recovery. Understanding the mechanisms underlying
functional changes in KCC2 in response to different neuronal
stress may result in novel strategies for reducing neuronal dam-
age and/or promoting neuronal recovery in different pathologi-
cal states.
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HIGH POTASSIUM-INDUCED FACILITATION OF GLYCINE RELEASE
FROM PRESYNAPTIC TERMINALS ON MECHANICALLY DISSOCIATED
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EXTRACELLULAR CALCIUM

H. ISHIBASHL>" 1.-S. JANG® AND J. NABEKURA®

2Department of Bio-signaling Physiology, Graduate School of Medical
Sciences, Kyushu University, Fukuoka 812-8582, Japan

bDepartment of Pharmacoiogy, School of Dentistry, Kyungpook Na-
tional University, 188-1, Samduk 2 Ga-dong, Daegu 700412, Repub-
lic of Korea

°Division of Homeostatic Development, Department of Developmental
Physiology, National Institute for Physiological Sciences, Okazaki 444-
8585, Japan

Abstract—The high potassium-induced potentiation of spon-
taneous glycine release in extracellular Ca?*-free conditions
was studied in mechanically dissociated rat spinal dorsal
horn neurons using whole-cell patch-clamp technique. Ele-
vating extracellular K* concentration reversibly increased
the frequency of spontaneous glycinergic inhibitory postsyn-
aptic currents (IPSCs) in the absence of extracellular Ca?*.
Blocking voltage-dependent Na™ channels (tetrodotoxin) and
Ca?* channels (nifedipine and w-grammotoxin-SIA) had no
effect on this potassium-induced potentiation of glycine-re-
lease. The high potassium-induced increase in IPSC fre-
quency was also observed in the absence of extracellular
Na*, although the recovery back to baseline levels of release
was prolonged under these conditions. The action of high
potassium solution on glycine release was prevented by
BAPTA-AM, by depletion of intracellular Ca?* stores by thap-
sigargin and by the phospholipase C inhibitor U-73122. The
results suggest that the elevated extracellular K* concentra-
tion causes Ca®" release from internal stores which is inde-
pendent of extraceliular Na*- and Ca?*-influx, and may reveal
a novel mechanism by which the potassium-induced depo-
larization of presynaptic nerve terminals can regulate intra-
celiular Ca?* concentration and exocytosis. © 2007 IBRO.
Published by Elsevier Ltd. All rights reserved.

Key words: intracellular Ca?* release, IPSC, patch-clamp,
phospholipase C, depolarization.

It is well established that entry of Ca®* through voitage-
dependent Ca®™ channels plays a crucial role in the de-
polarization-induced release of neurotransmitters from
presynaptic nerve terminals (Katz and Miledi, 1965). in
addition to this depolarization-induced Ca*-influx, several
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Development, Department of Developmental Physiology, National
Institute for Physiological Sciences, Okazaki, 444-8585, Japan. Tel:
+81-564-55-7854, fax: +81-564-55-7853.

E-mail address: isibasi@nips.ac.jp (H. Ishibashi).

Abbreviations: IPSC, inhibitory postsynaptic current; IP;, inositol 1,4,5-
trisphosphate; PIP,, phosphatidylinositol-4,5-bisphosphate; PKC, pro-
tein kinase C; PL.C, phospholipase C; TTX, tetrodotoxin; XeC, xesto-
spongin C; 2-APB, 2-aminoethoxydiphenyl borate.

studies have suggested that presynaptic depolarization
per se can control the exocytotic machinery and promote
neurotransmitter release even in the absence of extracel-
jular Ca* (Parnas et al., 2000; Raiteri et al., 2002). How-
ever, the precise mechanisms by which this Ca?* influx-
independent release of neurotransmitters occurs, and the
generality of this mechanism to central mammalian nerve
terminals, have not been fully identified.

A number of different theories have been proposed for
the mechanisms by which presynaptic depolarization can
modulate transmitter release independent of Ca?*-influx.
In reviewing studies on more accessible peripheral motor
nerve terminals, Parnas et al. (2000) have suggested that
presynaptic depolarization causes a shift of the exocytotic
machinery from an inactive to an active state. Links
between presynaptic autoreceptors or presynaptic N-type
Ca?* channels and proteins involved with exocytosis have
been suggested to mediate this effect. Other theories have
proposed ionic mechanisms. Using rat brain synapto-
some preparations, Storchak et al. (1998) reported that
extracellular Ca®*-independent release was completely
abolished by removal of extracellular Na*, suggesting that
accumulation of Na* in the nerve terminals caused release
of transmitters via a reversal of Na™-amino acid co-trans-
porters. Raiteri et al. (2002) also reported that elevation of
extracellular K¥ increased Na™*-influx into the synapto-
some, which then released Ca®* from internal mitochon-
drial stores via the Na*/Ca?" exchanger, thereby increas-
ing Ca**-dependent exocytosis.

A role of intracellular Ca?* stores in contributing to
synaptic fransmission has been studied in rat cerebellum
(Liano et al., 2000), rat basal ganglia (Rhee et al., 1999),
frog neuromuscular junction (Narita et al., 2000) and chick
retina (Warrier et al., 2005). In these reports, the release of
Ca?* from internal Ca®™ stores contributes to spontane-
ous and impuise-evoked vesicle exocytosis of transmitters.
Furthermore, in nerve terminals isolated from magnocellu-
lar hypothalamic neurons, brief Ca®*-tfransients caused by
release from intracellular stores were directly recorded and
the frequency of these events was reported to be in-
creased by depolarization even in the absence of Ca?*-
influx (De Crescenzo et al., 2004). However, in this study,
it was not possible to investigate the functional effects of
such presynaptic depolarizations on transmitter release.

The present study was initiated to examine whether
potassium-induced presynaptic depolarization affects
spontaneous glycine release from spinal cord nerve ter-
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minals in the absence of extraceliuiar Ca?~, and if so, to
examine the underlying mechanisms. Using the mechani-
cally dissociated rat spinal dorsal horn neurons, we found
that, in the absence of extracellular Ca?* influx, the high
potassium solution does increase the frequency of spon-
taneous glycinergic inhibitory postsynaptic currents
(IPSCs). This facilitation of glycine release involves re-
lease of Ca®" from presynaptic Ca®" stores.

EXPERIMENTAL PROCEDURES
Preparation

Wistar rats (12-17 days old) were decapitated under pentobarbital
sodium anesthesia (80 mg/kg, i.p.), and a segment of the lumbo-
sacral (L1-81) spinal cord was dissected and transversely sliced
at a thickness of 350 ;«m, using a microslicer (VT10008S; Leica,
Nussloch, Germany). Slices were kept in a control incubation
medium (see below) saturated with 95% O, and 5% CO, at room
temperature (21-24 °C) for at least 1 h before mechanical disso-
ciation. Slices were then transferred into a 35 mm culture dish
(Primaria 3801; Becton Dickinson, Rutherford, NJ, USA) contain-
ing the standard external solution (see below), and the region of
the substantia gelatinosa (lamina ll) was identified under a binoc-
utar microscope (SMZ-1; Nikon, Tokyo, Japan). Details of the
mechanical dissociation procedure used to isolate single neurons
with adherent and functional presynaptic boutons have been given
previously (Rhee et al., 1999; Akaike and Moorhouse, 2003).
Briefly, mechanical dissociation was accomplished using a cus-
tom-built vibration device and a fire-polished glass pipette oscil-
lating at about 60 Hz. The tip of the fire-polished glass pipette was
lightly placed on the surface of the substantia gelatinosa and was
vibrated horizontally (0.1-0.2 mm) for about 3 min. Slices were
then removed and the mechanically dissociated neurons allowed
to settle and adhere to the bottom of the dish for at least 15 min
before recordings commenced. All experiments conformed to the
guiding principles for the care and use of animals approved by the
Council of the Physiological Society of Japan.

Electrical measurements

All electrical measurements were performed using the conven-
tional whole-cell patch-clamp recording technique with a low CI™
(12 mM) pipette solution and at a holding potential of 0 mV
(EPC-9; Heka, Lambrecht, Germany). Patch pipettes were made
from borosilicated capillary glass (G-1.5; Narishige, Tokyo, Japan)
in two stages on a vertical pipette puller (PC-10; Narishige). The
resistance of the recording pipsttes filled with internal solution was
6-8 M{). Isolated neurons were viewed under phase contrast on
an inverted microscope {DMIRB, Lica, Nussloch, Germany). Cur-
rent and voltage were continuously monitored on an oscilloscope,
and a pen recorder (WR3320, Graphtec, Tokyo, Japan). In most of
the experiments, membrane currents were filtered at 2 kHz (FV-
665, NF Electronic Instruments, Tokyo, Japan), digitized at 5 kHz,
and stored on a personal computer equipped with pClamp 8.2
software (Axon Instruments, Union City, CA, USA). When rise
time of spontaneous IPSCs was analyzed, the membrane currents
were filtered at 8 kHz and recorded at sampling frequency of 20
kHz for a better time resolution. Experiments were performed at
room temperature (21-24 °C).

Data analysis

Spontaneous IPSCs were counted and analyzed using the Mini-
Analysis program (Synaptosoft, Leonia, NJ, USA), as described
previously (Nakamura et al., 2003; Nabekura et al., 2004). Briefly,
spontaneous events were screened automatically using an ampli-
tude threshold of 3.5 pA and then visually accepted or rejected

based upon their rise and decay times. The inter-event intervals
and amplitudes of a large number of spontaneous IPSCs obtained
from the same neuron were examined by constructing cumulative
probability distributions, and these distributions were compared
under different conditions using the Kolmogorov-Smimov test
within the MiniAnalysis program. Numerical values are provided
as means=S.E.M. using values normalized to the control. Differ-
ences in mean spontaneous IPSC amplitude and frequency were
tested by Student’s paired two-tailed test using their absolute
values, rather than the normalized ones. Values of P<0.05 were
considered significantly different.

Solutions and chemicals

The ionic composition of the incubation medium consisted of
(mM): 124 NaCl, 2.5 KCI, 1.2 NaH,PO,, 24 NaHCO,, 2.4 CaCl,,
1.3 MgCl, and 10 glucose, saturated with 95% O, and 5% CO..
The pH was 7.35-7.45. The standard external solution used for
recordings from isolated neurons contained (mM): 150 NaCl, 2.5
KCl, 2 CaCl,, 1 MgCl,, 10 glucose and 10 Hepes. The Ca?*-free
external solution contained (mM): 150 NaCl, 2.5 KCl, 3 MgCli,, 2
EGTA, 10 glucose and 10 Hepes. When K* levels were in-
creased, Na* was replaced with K*. The Na*-free solution was
made by replacing all Na* of the Ca?*-free solution with equimo-
lar N-methyl-p-glucamine. Hypertonic solutions were made by
adding 500 mM sucrose to exiracellular solutions. These external
solutions were adjusted to a pH of 7.4 with Tris-base. All external
test solutions contained 10 uM CNQX and 10 uM AP-5 to inhibit
glutamatergic postsynaptic currents. Unless indicated otherwise,
the GABA, receptor antagonist SR-95531 (5 uM) was routinely
added to the test solutions. The ionic composition of the internal
{patch-pipette) solution for the whole-cell patch clamp recordings
was (mM): 145 cesium methanesulfonate, 5 tetraethylammonium
chloride, 5 CsCl, 2 EGTA, 4 ATP-Mg, 1 MgCl,, and 10 Hepes, pH
adjusted to 7.2 with Tris-base. The drugs and chemicals used in
the present study were AP-5, ATP-Mg, BAPTA-AM, chelerythrine,
CNQX, EGTA, nifedipine, ryanodine, strychnine, SR-85531, tetro-
dotoxin (TTX), thapsigargin, U-73343, wortmannin and xesto-
spongin C (XeC) from Sigma (St. Louis, MO, USA), w-grammo-
toxin SIA (Peptide Institute, Osaka, Japan), CGP-37157 and
U-73122 from Tocris, Cookson (Avonmouth, UK) and 2-aminoe-
thoxydiphenyl borate (2-APB) from Calbiochem (La Jolla, CA,
USA). The test solutions containing drugs were applied using the
Y-tube system for rapid solution change (Ishibashi and Akaike,
1995).

RESULTS

Identification of glycinergic spontaneous IPSCs
and their dependence on extracellular Ca**

Fig. 1A shows the effect of strychnine on spontaneous
IPSCs. The spontaneous IPSCs were fully and reversibly
blocked by 1 uM strychnine, indicating that they were
mediated by glycine receptors. Removal of extraceliular
Ca?* reversibly reduced the frequency of spontaneous
IPSCs to 22.9+4.4% of the control (Fig. 1B). The mean
amplitude of spontanecus IPSCs was also reduced in the
absence of extracellular Ca2* (to 72.0+7.5% of the con-
trol). This reduced mean IPSC amplitude might be attrib-
uted to the reduced number of vesicles released or the
reduction of quantal contents, as the currents evoked by
exogenous application of 30 pM glycine in control and
Ca?*-free conditions were not significantly different (h=6;
not shown). The resuits indicate that Ca®* influx into these
nerve terminals predominantly contributes to the genera-
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Fig. 1. Isolation of glycinergic spontaneous IPSCs in mechanically
dissociated dorsal horn neurons, and the effect of Ca?*-free external
solution. Currents were recorded at a holding potential of 0 mV in the
presence of 10 uM CNQX, 10 uM AP-5and 5 uM SR-95531. (A) Effect
of strychnine (1 uM) on the spontaneous IPSCs. Lower panels show
typical current traces in the absence and presence of strychnine with
an expanded time scale. The figure is representative of eight repro-
ducible experiments showing that, under these conditions, spontane-
ous synaptic currents are exclusively glycinergic. (B) Effect of removal
of extracellular Ca?* on the characteristics of spontaneous IPSCs.
Typical cumulative probability plots for inter-event intervals (lower left
panel) and for IPSC amplitudes (lower right panel) for currents re-
corded with or without 2 mM extracellular Ca?*. Insets show mean
IPSC frequency (left) and amplitude (right) with each column repre-
senting mean=S.E.M. of the data from 12 neurons. * P<0.05,
*** P<0.001.

tion of spontaneous IPSCs, but some residual glycine
release remains in the absence of Ca?* influx.

Modulation of spontaneous IPSCs by increased K*
concentration in the absence of extracellular CaZ*

In the presence of 2 mM Ca®", as shown in Fig. 2A,
application of 30 mM K™ rapidly evoked fast transient

outward current. This transient outward current was fully
inhibited by 3 uM strychnine (n=4, data not shown), sug-
gesting that this current was caused by a massive release
of glycine from presynaptic nerve terminais. In the Ca%*-
free solution that contained 2 mM EGTA, the initial tran-
sient outward current evoked by 30 mM K* was never
observed. On the other hand, application of 30 mM K™ in
Ca?*-free conditions slowly increased the spontaneous
IPSC frequency (Fig. 2A). When we calculated the current
charges carried by synaptic currents during application of
30 mM K™ (Fig. 2B), the charge in the presence of 2 mM
Ca?* was increased immediately after application of
30 mM K*. On the other hand, the integrated IPSC charge
in the absence of extracellular Ca®* was slowly increased
after application of 30 mM K* (Fig. 2B).

To study the extracellular Ca®*-independent increase
of the IPSC, the following experiments were all performed
in the absence of extracellular Ca®*. Fig. 2C shows the
cumulative distributions of the inter-event intervals and
amplitudes of spontaneous IPSCs before, during and after
application of 30 mM K™. The distribution of inter-event
intervals was significantly shifted to the left by high K™
solution, indicating an increase in spontaneous IPSC fre-
quency. The mean frequency of spontaneous IPSCs in-
creased to 1250.3+266.1% during perfusion of 30 mM K*
{P<0.001; n=18). The cumulative distribution of sponta-
neous IPSC amplitude was shifted to the right during
30 mM K™ perfusion, with the mean IPSC amplitude being
increased to 127.5+5.4% of control (P<0.01; n=18). How-
ever, the amplitude of outward currents induced by exog-
enously applied glycine (30 pM) in control and in the
50 mM K* solution was not significantly different (Fig. 2E),
being 268+41 and 252:+29 pA, respectively (n=5). The
results suggest that high-potassium solution acts presyn-
aptically to facilitate glycine release at these synapses in
the absence of extraceliular Ca®*. The enhancement of
mean IPSC frequency and amplitude was dependent on
the concentration of extracellular K* (Fig. 2D), with fre-
quency being significantly increased at all K* concentra-
tions examined while mean amplitude was significantly
increased at 30 and 50 mM. On the other hand, the appli-
cation of high K™ had no effect on the rise time of spon-
taneous IPSCs. The 10-20% rise time of all detected
spontaneous IPSCs before and during application of
50 mM K™, recorded in four neurons, was 0.99+0.02
(n=131) and 1.010.03 ms (n=383, P>0.1), respectively.
To reveal whether the increase in IPSC frequency during
application of the high K* solution is attributable to in-
crease in the number of release-ready synaptic vesicles,
we measured the readily releasable pool of synaptic ves-
icles. We recorded synaptic response to hypertonic su-
crose (Fig. 2F) that triggers exocytosis of primed vesicles
(Rosenmund and Stevens, 1996). In eight neurons exam-
ined, the responses to 0.5 M sucrose were significantly
increased from control (364+56 pC) to 30 mM K* condi-
tion (670x89 pC, P<0.05). These findings suggest that
the increase in spontaneous IPSC frequency might be
accompanied with a significant increase in the number of
primed vesicles.
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Fig. 2. High potassium-induced increase in spontaneous IPSCs in the absence of extracellular Ca?*. (A) The current response induced by 30 mM
K* (as indicated by bar) in the absence and presence (2 mM) of extracellular Ca®*. The current traces in upper and lower panels were obtained from
the same neuron. The figure was representative of five neurons. (B) Effect of 30 mM K™ on the integrated IPSC charges. The integrated charge (pC)
of IPSCs occurring every 2 s was pooled, and the mean values were plotted (B). Each point represents the mean=S.E.M. of the data from five neurons.
(C) The effect of 30 mM K* on the cumulative distribution of IPSC frequency (left) and amplitude (right). (D) Concentration-dependent effects of
elevated K™ concentration on the frequency and amplitude of spontaneous IPSCs. Each column represents the mean=+S.E.M. of the data from 6 to
15 neurons. Frequency and amplitude are expressed relative to values recorded during the control conditions. * P<0.05, ** P<0.01, *** P<0.001.
(E) Glycine (30 uM)-induced postsynaptic currents in control conditions and during perfusion with high K*. (F) Effect of hypertonic sucrose (0.5 M)
solution in control and high K* conditions. The figure was representative of eight reproducible experiments.

Effects of voltage-dependent Ca®*- and Na*-channel of transmitter release via interactions with presynaptic
antagonists on the high potassium-induced SNARE proteins involved in exocytosis (Mochida et al.,
facilitation of glycine release 1998). Furthermore, dihydropyridine receptors are known
Although our experimental conditions eliminated any Ca2* to function in skeletal muscle as a voltage sensor, trigger-
influx, the high potassium-induced depolarization would ing intracellular Ca®* release for excitation—contraction
still cause activation of presynaptic voltage-dependent coupling (linc, 1999). Thus, we investigated the effects of
Ca? channels. Activation of N-type Ca®* channels has w-grammotoxin SIA; which inhibits N- and P/Q-type volt-
been reported to cause a Ca®*-independent enhancement age-activated Ca?* channels by shifting the voltage de-
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pendence of activation to more positive values and by
slowing the activation kinetics (McDonough et al., 1997),
and of nifedipine, a dihydropyridine antagonist that inhibits
charge movements and excitation—contraction coupling in
skeletal muscle (Rios and Brum, 1987). Both w-grammo-
toxin SIA (0.5 pM, n=5) and nifedipine (3 uM, n=6) had no
effect on the basal spontaneous IPSC frequency (data not
shown). In the presence of 0.5 uM w-grammotoxin SIA
and 3 uM nifedipine, the application of 30 mM K™ still
increased the spontaneous IPSC frequency to 1157.2+
117.8% (n=6) and 1216.0+283.8% (n=>5), respectively
(Fig. 3). These values were not significantly different from
that obtained in control conditions. Thus, the voltage-de-
pendent Ca** channels might not be involved in the high
potassium-induced increase in spontaneous IPSC fre-
guency.

The potassium-induced presynaptic depolarization
might cause an influx of Na* into presynaptic nerve termi-
nals through voltage-dependent Na™ channels, which may
itself promote release or give rise to an increased mito-
chondrial Na*/Ca®* exchange. Thus, we investigated the
effects of the voltage-dependent Na™ channel inhibitor

A

0.5 uM w-Grammotoxi
|

30mMK*

5min

3 UM Nifedipine
]

30mMK*® |
= =

Smin

TTX and mitochondriai Na*/Ca?* exchanger inhibitor
CGP-37157 on the high K™-induced increase in IPSC fre-
quency. However, the application of 30 mM K* increased
the spontaneous IPSC frequency to 1233.1+270.0%
(n=5) and 1380.5+154.2% (n=>5) in the presence of 1 uM
TTXand 30 uM CGP-37157, respectively (Fig. 4A and C).
These values were not significantly different from that ob-
tained in control conditions. In addition, 30 mM K™*
increased the spontaneous IPSC frequency to 1310.8+
288.5% (n=7) in the absence of extracellular Na*. This
observation, coupled with the pharmacological experi-
ments described above, aiso rules out Na™ entry via volt-
age-dependent Ca?* channels. However, the recovery of
IPSC frequency after returning to the control K* concen-
tration (2.5 mM) was prolonged in Na™*-free conditions
(Fig. 4D). Extraceliular Na* is important in homeostasis of
intracellular Ca?™ concentration via the activity of the Na™/
Ca?* exchanger of plasma membrane (Lee et al., 2002).
This more sustained enhancement of high potassium-in-
duced glycine release in the absence of external Na™ led
us to investigate any contribution of presynaptic intracel-
lular Ca?*.
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Fig. 3. Effects of Ca®* channel antagonists on the high potassium-induced facilitation of glycine-release. (A) (Left panel) Current trace showing the
effects of w-grammotoxin-SIA (0.5 M) on the high potassium-induced increase in the frequency of spontaneous IPSCs. (Right panel) Averaged
effects of w-grammotoxin-SIA (0.5 1M). Each column represents the mean=S.E.M. of the data from five neurons. (B) Typical example (left panel) and
averaged data (right panel, mean=S.E.M., n=6) showing the effect of nifedipine (3 uM) on the high K*-induced increase in spontaneous IPSCs.
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Fig. 4. The effects of voltage-dependent Na* channel inhibitor, mitochondrial Na*/Ca?* exchanger inhibitor and removal of extraceliular Na* on the
potassium-induced facilitation of spontaneous IPSC. (A) Sample trace showing the lack of effect of TTX (1 uM) on the high K*-induced increase in
spontaneous IPSCs. (B) Sample trace showing the more sustained effect of potassium-induced potentiation of spontaneous IPSCs in external
Na*-free conditions. For the Na™-free solution, all external Na™ was replaced with equimolar N-methyl-p-glucamine. {C) Averaged data showing the
relative facilitation of spontaneous IPSC frequency in response to 30 mM K* under control condition {cont), in the presence of 1 uM TTX and 30 .M
CGP-37157 {CGP), and in the absence of external Na*-free. Each column represents the mean=S.E.M. of the data from five to seven neurons.
(D) The time course of the K*-induced potentiation of IPSC frequency in control and Na*-free conditions. The number of spontaneous IPSCs occurring
every 1 min was pooled and plotted. Each point represents the mean=S.E.M. of the data from seven neurons.

Facilitation is due to high potassium-induced release 0.247+0.04 to 1.97+0.76 Hz (P<0.01, n=7). At this point,
of Ca?* from intracellular stores 30 mM K* increased the IPSC frequency t0 3.85+1.35 Hz
(n=7). With 60 min treatment of thapsigargin, the basal
IPSC frequency was reduced to 0.36+0.08 Hz, and the
high K*-induced increase in IPSC frequency was mark-

To test the possibility that the enhanced release may result
from an increase in presynaptic Ca2*, we pretreated iso-
lated neurons with BAPTA-AM, a membrane permeable

Ca?* chelator. BAPTA-AM (10 pM) itself reduced the egly reduced (169:8-_*-20.8% c_>f thg thap§igargin condition,
spontaneous IPSC frequency to 71.0+9.8% of the control Fig. 5D), suggesting a contribution of intracellular Ca®*
(P<0.05, n=7). In the presence of 10 uM BAPTA-AM, the release. On thg othe_r hand, ryanodllne (50 p,M), an mzhlbltor
high K*-induced facilitation of IPSC frequency was greatly of endoplasmic reticulum ryanodine-sensitive Ca** re-
reduced to 146.8+18.9% of the BAPTA-AM condition lease channels (Sutko et al., 1897), was without effect on
(n=7, Fig. 5A). In addition, the high K*-induced increase in the potassium-induced potentiation (Fig. 5D).
the spontaneous IPSC amplitude was aiso inhibited in the To investigate the signaling pathway to release of
presence of BAPTA-AM (98.4+5.5% of the BAPTA-AM Ca®* from internal stores, we firstly investigated the ef-
condition, n=7). As influx of external Ca®* was eliminated fects of the phospholipase C (PLC) inhibitor U-73122 and
in our conditions we considered that Ca®* must be arising its inactive isomer U-73343. These agents had no signifi-
from the release from intraceliular stores. cant effect on the basal IPSC frequency (96.2+7.5% of the
Thapsigargin is known to inhibit endopiasmic reticulum control, n=4) and amplitude (104.2=9.3% of the control).
(ER) Ca?*-pump and therefore has been used to deplete When high K* was applied in the continued presence of
intracellular Ca®*-stores (Rhee et al., 1999; Yang et al., either 1 uM U-73122 or 1 uM U-73343, we did not observe
2003). Application of thapsigargin (1 uM) in Ca?*-free any robust potentiation of IPSC frequency (n=4, data not
conditions increased the basal IPSC frequency. At 10 min shown). When neurons were briefly (5 min) pretreated with
after application, the IPSC frequency was increased from 1 uM U-T3122 before application of high K*, U-73122
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of 10 1M BAPTA-AM. BAPTA-AM was continuously applied from 5 min before application of high-potassium. (B) Summary of the effect of BAPTA-AM
on the facilitation of glycine release by high K™. Each point represents the mean=S.E.M. of the data from seven neurons. (C) Sample trace showing
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from five neurons.

selectively reduced the potentiation of IPSC frequency
in response to subsequent application of 30 mM K~
(Fig. 6A-C). In eight neurons tested, the high K* (30 mM)-
induced increase in IPSC frequency before and after treat-
ment of 1 pM U-73122 was 1104.8+143.5 and 245.8+
60.3%, respectively. In addition, after the pretreatment of
U-73122, 30 mM K™ failed to cause a significant potenti-

ation of the IPSC amplitude (105.8::7.4%, n=8). The irre-
versible inhibition of the PLC-mediated Ca®* mobilization by
U-73122 was reported in neuronal NG108-15 cells (Jin et al.,
1894). The resuits suggest the contribution of PLC to the
potassium-induced synaptic potentiation.

Activation of PLC cleaves phosphatidylinositol-4,5-
bisphosphate (PiP,) into two second messengers diacyl-

science.2007.01.018

Please cite this article in press as: Ishibashi H, et al., High potassium-induced facilitation of glycine release from presynaptic termi-
nals on mechanically dissociated rat spinal dorsal horn neurons in the absence . . ., Neuroscience (2007), doi: 10.1016/j.neuro-

435



8 ' H. Ishibashi et al. / Neuroscience xx (2007) xxx

LR iU !

BiEeii i ]

{ 50 pA

2min
Control
- 30 mM K* (without U-73122) u73122
£ \ 30 mM K* (with U-73122) 30 mM K* (with U-73122)
§ 1.0 1.0
o \
A= Control
o
2 05 Tz s
g 30 mM K* (without U-73122)
=
g 0 1 | i 1 | 0 l ] i1 | | | J
o 0 10 20 30 40 0 40 80 120
Inter-event interval (s) Amplitude (pA)
30mM K* 1M U73343
=

P77 ]

C D Wortmannin
D20 s
g5 o 0.5uM
s 1 S 15} ~H
S o
g1 ° 10
st L. -
" 0 10 uM
@ gl e H
N g) =
= %k & S
8 ﬁ )
é’ oL 1= T o« 0~ TR B B
0-6"\,5\"}(5'5“‘% 0 60 120
o 0:\ 0:\ Time (min)

Fig. 6. Effects of U73122 and wortmannin on the K*-induced potentiation of glycine release. (A) Sample current trace showing inhibition of the high
potassium-induced potentiation of spontaneous glycine release by pretreatment with U-73122 (1 uM). Lower panels show cumulative distributions of
inter-event interval (left panel) and amplitude (right panel) of spontanecus IPSCs in control conditions (control), after application of U-73122 (U-73122),
and during application of 30 mM K* without or with U-73122 treatment. (B) Sample current trace showing lack of any effect of pretreatment with the
inactive isomer U-73343 (1 1M) on the potassium-induced synaptic potentiation. (C) Averaged data showing the relative enhancement of spontaneous
IPSC frequency in response to high K* in control conditions, and after brief pretreatment with U-73122 and U-73343. Each column represents the
mean=S.E.M. of the data from five to eight neurons. ** P<0.01. (D) The high K* (30 mM)-induced potentiation of IPSC frequency before, during and
after application of 0.6 uM (open circle) or 10 uM (closed circle) wortmannin. High K* solution was applied for 2 min every 20 min. Each point
represents the mean=S.E.M. of the data from five to six neurons.

glycerol and inositol 1,4,5-frisphosphate (IP;). Since diac- investigated the effect of the PKC inhibitor chelerythrine on
ylglycerol is known to activate protein kinase C (PKC), we the high K* action. Application of 3 uM chelerythrine had
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no effect on the basal IPSC frequency (105.2+5.1% of
the control, n=5). In the presence of 3 uM chelerythrine,
30 mM K™ still increased IPSC frequency to 1320.0+
328.4% (n=5, data not shown) which was not significantly
different from that obtained in control condition, suggesting
that PKC might not be involved in the high K™ -induced
increase in IPSC frequency. [P, is known to cause intra-
cellular Ca®™ release (Patterson et al., 2005). Recent stud-
ies have reported that wortmannin at micromolar concen-
trations inhibits the resynthesis of PIP, after PLC-mediated
breakdown (Zhang et al.,, 2003; Suh and Hille, 2002),
although it specifically blocks Pl; kinases at nanomolar
concentrations. Thus, we ailso investigated the effect of
wortmannin on the high K*-induced facilitation of IPSC
frequency. In the continued presence of 10 pM but not
0.5 uM wortmannin, the facilitatory effect of 30 mM K™ was
reduced from 1522.2:+308.3% observed in response to the
first application to 621.1£106.3% (P<0.05) and 242.8+
45.4% (P<0.01) for the second and third applications,
respectively (n=>5). It should be noted that the first appli-
cation of 30 mM K™ in the presence of 10 pM wortmannin
induced nearly the same facilitatory effect as that observed
in the absence of wortmannin (Fig. 6D). The high K*-
induced potentiation of {PSC frequency slowly recovered
after wash out of wortmannin.

To investigate a role of IP, activation of Ca®™ stores,
we used two reported inhibitors of the 1P, receptors, XeC
(Gafni et al., 1997) and 2-APB (Peppiatt et al., 2003). After
10 min pretreatment of 3 uM XeC and 50 uM 2-APB,
however, application of 30 mM K™ still increased IPSC
frequency to 1204.0£351.1% (n=4) and 1350:+330.8%
(n=D5), respectively.

The effect of high potassium on GABA release

in addition to glycine, GABA is one of the inhibitory neu-
rotransmitters in the spinal cord. Thus, we also examined
whether application of high K* in Ca**-free conditions
affects the spontaneous release of GABA. The experi-
ments were performed in the presence of 0.3 uM strych-
nine instead of SR-95531. Under these conditions, the
spontaneous IPSCs were fully and reversibly blocked by
2 M SR-95531 (n=6, data not shown), indicating that
they were mediated by GABA,, receptors. The application
of 30 mM K™ in Ca®*-free conditions increased the spon-
taneous GABAergic IPSC frequency and amplitude to
1095.6+255.1 and 133.2%:26.1%, respectively (n=6, data
not shown). The results suggest that the high K*™-induced
presynaptic depolarization in Ca?*-free conditions may
increase not only glycine but also GABA release in the
spinal dorsal horn.

DISCUSSION

Control of the intracellular Ca®* concentration is crucial for
the reguiation of neurotransmitter release from presynaptic
nerve terminals. Action potential induces Ca**-infux into
the nerve terminals, which triggers exocytosis of neuro-
fransmitter vesicles. Presynaptic depoiarization induced by
elevated extracellular K* concentration also causes Ca®*-

influx into nerve terminals, resulting in a strong facilitation
of neurotransmitter release (Momiyama and Takahashi,
1994; Haage et al.,, 1998). The present study investigated
the effect of high K™ on the spontaneous release of glycine
at spinal dorsal horn inhibitory synapses in the absence of
extracellular Ca®*. We have shown that even in the ab-
sence of exiracellular Ca®*, the mean frequency and
amplitude of spontaneous IPSCs were increased in re-
sponse to elevated K™ conditions (Fig. 2). The currents
evoked by exogenous application of glycine were unaf-
fected by elevated K™ concentration, implicating presyn-
aptic mechanisms.

The potassium-induced enhancement of glycine re-
lease was attenuated by pre-incubation with the mem-
brane permeable Ca?* chelator, BAPTA-AM, implicating
an increase in intracellular Ca%* concentration in the pre-
synaptic terminals. Given that Ca®*-influx was prevented,
this Ca®* must arise from some intraceliular sources. The
release of Ca?* from intracellular organelles, such as en-
doplasmic reticulum and mitochondria, has been previ-
ously reported to frigger the spontaneous transmitter re-
lease (Rhee et al., 1999; Han et al., 2001; Yang et al.,
2003). Intra-terminal Ca®* increase may also result from
alterations in the activity of various Ca?* transporters. In
fact, Yang et al. (2003) reported that the Ca®* influx-
independent post-tetanic enhancement of spontaneous
synaptic responses at the developing Xenopus neuromus-
cular junction was mediated via alterations in mitochondrial
Na*/Ca®* exchanger activity. This post-tetanic potentia-
tion appears different from the phenomenon reported
here in that it was not reproduced by high K™ -induced
depolarization (Yang et al., 2003). In addition, in the
present study, the mitochondrial Na*/Ca®* exchanger
blocker CGP-37157 had no effect on the high K™ -induced
increase in the frequency of spontaneous IPSCs. Removal
of external Na™ did prolong the recovery of facilitation after
return to normal K™, suggesting a plasma membrane Na*/
Ca** exchanger contributes to clearance of intraterminal
Ca?*. The high K*-induced facilitation of glycine release
was attenuated by long-term treatment with thapsigargin,
an inhibitor of Ca®*-ATPase, which is known to deplete the
endoplasmic reticulum Ca®* stores (Treiman et al., 1998).
This is quite different from the CaZ*-influx independent
depolarization-induced synaptic vesicle fusion observed in
the cell body of DRG neuron (Zhang and Zhou, 2002) and
mouse cortical slice preparation (Mochida et al., 1998), in
which internal Ca** stores were not involved.

Two main signaling pathways are thought to control
Ca®" release from the endoplasmic reticulum, the 1P,
receptor and ryanodine receptor pathways (Bardo et al.,
2006), and Ca®* release via both these receptors has
been reported to enhance transmitter release. For in-
stance, spontaneous GABA release in rat neocortical hip-
pocampus (Savic and Sciancalepore, 1998) and rat cere-
bellum (Bardo et al., 2002) involves Ca** released from
internal stores in response to ryanodine receptor activa-
tion. At the frog neuromuscular junction, Ca?* release
from presynaptic ryanodine-sensitive stores was reported
to increase acetylcholine release after burst of synaptic
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