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Abstract
The major outward chloride transporter in neurons is the potassium chloride co-transporter 2
(KCC2), critical for maintaining an inhibitory reversal potential for GABAA receptor channels. In
a recent study, we showed that Zn2+ regulates GABAA reversal potentials in the hippocampus by
enhancing the activity of KCC2 via an increase in its surface expression. Zn2+ initiates this
process by activating the Gq-coupled metabotropic Zn2+ receptor mZnR/GPR39. Here, we first
demonstrated that mZnR/GPR39 is functional in cortical neurons in culture and then tested the
hypothesis that the increase in KCC2 activity is mediated through a SNARE-dependent process.
We established the presence of functional mZnR in rat cultured cortical neurons by loading cells
with a Ca2+ indicator and exposing cells to Zn2+, which triggered consistent Ca2+ responses that
were blocked by the Gq antagonist YM-254890, but not by the metabotropic glutamate receptor
antagonist MCPG. Importantly, Zn2+ treatment under these conditions did not increase the
intracellular concentrations of Zn2+ itself. We then measured KCC2 activity by monitoring both
the rate and relative amount of furosemide-sensitive NH4

+ influx via the co-transporter using an
intracellular pH sensitive fluorescent indicator. We observed that Zn2+ pretreatment induced a
Ca2+-dependent increase in KCC2 activity. The effects of Zn2+ on KCC2 activity were also
observed in wild-type mouse cortical neurons in culture, but not in neurons obtained from mZnR/
GPR39−/− mice, suggesting that Zn2+ acts via mZnR/GPR39 activation to upregulate KCC2
activity. We next transfected rat cortical neurons with a plasmid encoding botulinum toxin C1
(Botox C1), which cleaves the SNARE proteins syntaxin 1 and SNAP-25. Basal KCC2 activity
was similar in both transfected and non-transfected neurons. Non-transfected cells, or cells
transfected with marker vector alone, showed a Zn2+-dependent increase in KCC2 activity. In
contrast, KCC2 activity in neurons expressing Botox C1 was unchanged by Zn2+. These results
suggest that SNARE proteins are necessary for the increased activity of KCC2 following Zn2+

stimulation of mZnR/GPR39.
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Zn2+ is found in glutamate-containing synaptic vesicles in neurons that are abundant in the
cerebral cortex, limbic structures and auditory brainstem, among other regions (Frederickson
et al., 2005, Sensi et al., 2009). Vesicular Zn2+ has been shown to be released in a calcium
and activity-dependent manner (Qian and Noebels, 2005, 2006) and can reduce postsynaptic
neuronal excitability (Vogt et al., 2000, Smart et al., 2004, Sensi et al., 2009). As such,
possible anticonvulsant actions of the metal have been noted (Fukahori and Itoh, 1990, Elsas
et al., 2009). Vesicular Zn2+ has also been shown to regulate the Ca2+ sensitivity of release
at high firing frequencies (Lavoie et al., 2011). Zinc can modify excitability by allosterically
modulating both excitatory and inhibitory neurotransmitter receptors (Hosie et al., 2003,
Rachline et al., 2005, Paoletti et al., 2009, Sensi et al., 2009). Recent studies have
demonstrated that synaptically released zinc can also directly act on a postsynaptic
metabotropic zinc receptor mZnR/GPR39 (Besser et al., 2009, Chorin et al., 2011).
Activation of this receptor initiates IP3 signaling via a Gq protein, resulting in intracellular
calcium release (Hershfinkel et al., 2001). In hippocampal slices, mZnR activation and
subsequent calcium liberation leads to upregulation of potassium/chloride co-transporter 2
(KCC2) activity, inducing a hyperpolarizing shift in the GABAA receptor channel reversal
potential (Chorin et al., 2011).

KCC2 is the major outward transporter of chloride in neurons, necessary and sufficient for
creating a chloride equilibrium potential negative to the resting membrane voltage (Lu et al.,
1999, Lee et al., 2005), thereby rendering GABAA-mediated synaptic potentials inhibitory
(Farrant and Kaila, 2007, Viitanen et al., 2010). Increases in KCC2 activity can enhance the
inhibitory actions of GABA, which may provide high excitatory or epileptic activity with a
self-regulating dampening drive (Huberfeld et al., 2007, Zhu et al., 2008, Khirug et al.,
2010). In the present study we tested the hypothesis that a soluble N-ethylmaleimide-
sensitive factor attachment protein receptor (SNARE)-dependent process mediates the
enhanced activity of KCC2 following mZnR/GPR39 activation.

EXPERIMENTAL PROCEDURES
Cell culture

Primary cortical cultures obtained from embryonic day 16 Sprague-Dawley rats (Charles
River Laboratories, Wilmington, MA, USA) were prepared as described by (Hartnett et al.,
1997) in accordance with approved protocols. Embryonic cortices were dissociated with
trypsin and, subsequently, the cell suspension was adjusted to 670,000 cells per 35 mm well
in six-well tissue culture plates, each containing five 12-mm poly-L-ornithine-treated glass
coverslips. Cultures were maintained at 37°C in 5% CO2, in a growth medium composed of
a volume-to-volume mixture of 80% Dulbecco’s modified minimal essential medium
(DMEM + GlutaMAX-1; Sigma-Aldrich; St Louis, MO, USA), 10% Ham’s F12-nutrients
(F-12 + GlutaMAX-1; Sigma-Aldrich) and 10% heat-inactivated and iron supplemented
bovine calf serum with 25mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES), 24U/ml penicillin and 24µg/ml streptomycin. Non-neuronal cell proliferation was
inhibited after 2 weeks in culture with 1–2µm cytosine arabinoside, after which the cultures
were maintained in growth medium containing 2% serum without F12-nutrients. Rat
cultures were utilized at 18–25 days in vitro (DIV).

Mouse cortical neurons were prepared in a similar manner utilizing E15-E17 GPR39−/− or
wild type mice from the same genetic background (Moechars et al., 2006). The resulting cell
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suspension was prepared in growth medium and was adjusted to 1.2×106 cells per 35 mm
well (5 poly-L-ornithine-treated glass coverslips each). At 3 DIV the growth medium was
changed to one devoid of L-glutamine and with the addition of 25% Neurobasal medium +
2.5% B27 Supplements. Mouse cortical neurons were utilized at 7–12 DIV. The presence of
KCC2 at this developmental stage was confirmed by immunoblots (see below) and with
functional assays (Titz et al., 2006, Hershfinkel et al., 2009a, Chorin et al., 2011).

Fluorescence imaging
Cells were visualized using an epifluorescence microscope and perfused with a HEPES-
buffered physiological salt solution (HBSS: 115 mM NaCl, 2.5 mM KCl, 2.0 mM MgCl2,
10 mM HEPES, 10 mM d-glucose, 1 mM CaCl2; pH 7.2). The response time-course to the
agents added via the perfusion were somewhat slower than those reported earlier (Besser et
al., 2009; Chorin et al., 2011). This is due to differences in the speed of perfusion and larger
recording chamber volume used in the present work. Images were acquired by exciting
fluorescent dyes every 10 sec using a computer-controlled monochromator (Polychrome II;
TILL photonics, Martinsried, Germany) and CCD camera (IMAGO; TILL photonics). All
measurements of relative fluorescence units were background corrected. Each field under
observation (20X) contained approximately 15 to 30 neurons, which were selected as
regions of interest (ROI) to form individual fluorescence traces. Traces obtained from all
neurons in a single coverslip were averaged and considered a single data point, except
during transfection studies, where transfected (DsRed+, see below) and non-transfected cells
from the same coverslip were evaluated independently. All results are expressed as the mean
± SEM.

To measure intracellular free Zn2+, neurons were loaded with FluoZin-3 AM (5µM for 30
min; prepared in HBSS), a non-ratiometric (excitation: 485nm, emission: 520nm), highly
Zn2+-selective fluorescent indicator. Following acquisition of baseline fluorescence (~5
min), a treatment of 200 µM ZnCl2, a concentration sufficient to activate the mZnR/GPR39
(Hershfinkel et al., 2001, Besser et al., 2009), was perfused into the chamber for 2.5 min and
subsequently monitored for 10 min in Zn2+-free HBSS. Cells were also treated with 200 µM
ZnCl2 plus 5 µM pyrithione, a zinc ionophore, for 2.5 min. Neuronal free Zn+2 was then
chelated by 20 µM N,N,N’,N’-tetrakis-(2-pyridalmethyl)-ethylenediamine (TPEN), a
membrane-permeant Zn+2 chelator. ΔF values were measured as the difference between the
average baseline fluorescence before the treatment and the average of data points
encompassing the peak fluorescence after each treatment.

The ratiometric, calcium sensitive, fluorescent dye Fura-2 AM (5 µM for 30 min; prepared
in HBSS) was used to measure intracellular Ca2+ in cortical neurons following activation of
the mZnR/GPR39. Fluorescent measurements at 510nm emission were taken as a ratio of
the signals obtained upon excitation by 340nm/380nm. Baseline fluorescence was measured
for 5 min and cells were subsequently treated with 200µM ZnCl2 and then 300µM glutamate
(2.5 min each). The ΔF for each treatment was measured as the difference between the
average baseline fluorescence just before the treatment and at peak after the treatment was
administered. A separate group of coverslips was pretreated with 10 µM YM-254890, a Gq
antagonist (Takasaki et al., 2004), for 15 min, directly before being placed into the perfusion
chamber.

KCC2 activity was measured using the ratiometric, pH-sensitive fluorescent dye BCECF
AM (2’,7’-bis-(2-carboxyethyl)-5-(and-6)-carboxyfluorescein acetoxymethyl ester) during
exposure to 5 mM NH4Cl (Titz et al., 2006, Hershfinkel et al., 2009a, Chorin et al., 2011).
NH4

+, as a surrogate for K+, can be transported into neurons by KCC2 and induce a
decrease in intracellular pH. Cells were loaded with 1.5 µM BCECF-AM (prepared in HBSS
containing 1% BSA) for 15 minutes and rinsed for 20 min. Fluorescent measurements were
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taken as a ratio of the signals obtained upon excitation by 440 nm/485 nm using a 510 nm
emission filter. Baseline fluorescence was monitored for 5 min and then cells were treated
with NH4Cl (5 mM, 5 min). To monitor the effects of Zn2+ on KCC2 activity ZnCl2 (200
µM, 2 min) was added, followed by a 1 min rinse, prior to addition of NH4Cl. Some cells
were treated with bumetanide (1 µM), furosemide (100 µM) or BAPTA-AM (13 mM). The
activity of KCC2 was measured as both the rate of change in BCECF fluorescence (slope;
a.u./min, where a.u. are arbitrary units of fluorescence) and the total change in intracellular
BCECF fluorescence (ΔF a.u.; See Fig. 1). Note that results are presented as positive
numbers for clarity, although acidification causes decreases in BCECF fluorescence.

Neuronal Transfection
Rat cortical neurons at DIV19–23 were transfected in a 24 well plate with 1.5 µg of plasmid
DNA (1 part DsRed-expressing plasmid: 1 part botulinum toxin C1-expressing plasmid or
empty parent vector) using Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA). DNA-
lipid complexes were allowed to form for 30 min at room temperature before addition to the
cortical cultures for approximately 3.5 to 4 hours, during which time cells were maintained
at 37°C, 5% CO2. Twenty-four hours after the transfection, cells were utilized for imaging
studies as described above.

Genotyping and immunobloting
GPR39−/− (Moechars et al., 2006) were kindly provided by Diederik Moechars (Janssen
Pharmaceutical Companies of Johnson & Johnson, Beerse, Belgium). DNA was isolated
from mouse-tail biopsy samples utilizing the Genetra Puregene Mouse Tail Kit (Qiagen Inc.,
Valencia, CA, USA). Wild-type (WT) selection primers,
5′ACCCTCATCTTGGTGTACCT3′ and 5′ATGTAG-CGCTCAAAGCTGAG3′ and
knockout (KO) selection primers 5′GGAACTCTCACT-CGACCTGGG3′ and
5′GCAGCGCATCGCCTTCTATC3′, were obtained from Integrated DNA Technologies
(Coralville, IA, USA). 10X PCR Reaction Buffer was obtained from USB Corporation
(Cleveland, OH, USA), and all other PCR components were obtained from Promega
Corporation (Madison, WI, USA). Polymerase chain reaction (PCR) was used to screen for
genotypes. Two PCR reaction tubes, one for each set of primers, were prepared for each
DNA sample and contained 100 ng DNA in a 2 µl volume. The reaction mixture contained:
1x PCR reaction buffer, 2 mM MgCl2, 0.2 mM dNTP mix, 1 µM of each of the two primers
and 0.025 U/µl GoTaq DNA polymerase. The total volume of 24 µl per reaction was
adjusted with nuclease-free Water. PCR reactions were performed in an automatic thermal
cycler. An initial cycle of 5 minutes at 95 °C, was followed by 34 cycles, each cycle
consisting of, 30 seconds at 95 °C, 30 seconds at 64 °C and 30 seconds at 72 °C. During the
last 4 cycles, the 72 °C incubation was increased to 1, 2, 4 and 8 minutes prior to the cooling
of the samples to 4 °C. PCR products were visualized utilizing agarose gel electrophoresis,
with the WT and KO reactions yielding a 311-bp and 262-bp band, respectively (Moechars
et al., 2006; Fig. 3A, inset).

Protein samples from cultured mouse cultured neurons were obtained for Western blot
analysis. The protein concentrations of the samples were measured with a bicinchoninic acid
assay. Sodium dodecyl sulphate–polyacrylamide gel electrophoresis was carried out using
the Mini Protean 3 System (Bio-Rad, Hercules, CA, USA). Samples with equal amounts of
protein were run on 6% gels. Separated proteins were transferred onto a 0.2 µm
nitrocellulose membrane (Bio-Rad). Membranes were blocked with 1% bovine serum
albumin in PBS with 0.05% Tween 20 (PBST) at room temperature for 1h, and probed with
anti-KCC2 antibody (Millipore, Billerica, MA, USA). After washing (3X) in PBST, blots
were incubated with Li-Cor IRDye infrared dye secondary antibodies (Li-Cor, Lincoln, NE,
USA) at room temperature for 1h. Membranes were stripped and reprobed with and
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antibody to the neuronal-specific marker β-tubulin, class III (Covance, Princeton, NJ, USA).
We observed similar levels of KCC2 protein expression in cortical cultures derived from
either GPR39−/− or WT littermate mice at DIV similar to those used for the physiological
measurements (Fig. 3C, inset).

RESULTS
Zinc-triggered activation of Gq protein-mediated Ca2+ signaling in cortical neurons

It has been shown that an intracellular Zn2+ rise is capable of inhibiting KCC2 activity
(Hershfinkel et al., 2009a). Thus, in order to assess the effect of extracellular Zn2+ on the
upregulation of KCC2 via mZnR/GPR39 activation (Chorin et al., 2011), we first
investigated whether a ZnCl2 treatment at a concentration sufficient to activate the receptor
(Besser et al., 2009) could, in and of itself, cause intracellular Zn2+ levels to increase.
Cultures were loaded with the zinc selective fluorescent dye FluoZin-3 AM and exposed to
200 µM ZnCl2 for 2.5 min. We found that treatment with 200 µM ZnCl2 alone caused no
substantial change in FluoZin-3 fluorescence for at least a 10-minute period after the
treatment was administered (Fig. 1A, inset). Cells were then treated with 200 µM ZnCl2 plus
5 µM pyrithione, a zinc ionophore, directly followed by 20 µM N,N,N’,N’-tetrakis-(2-
pyridalmethyl)-ethylenediamine (TPEN), a membrane-permeant Zn+2 chelator (Fig. 1A).
The Zn2+/pyrithione treatment led to a considerable increase in fluorescence, which was
quenched by TPEN (Fig. 1A, inset). These results indicate that Zn2+ treatment alone, under
the conditions utilized here, did not substantially raise intracellular levels of this metal.
Again, this was an important control to perform since intracellular Zn2+ blocks KCC2
activity, regardless of whether cells express the mZnR or not (Hershfinkel et al., 2009;
Chorin et al., 2011).

We next loaded cells with Fura-2 AM to measure intracellular Ca2+ changes in cortical
neurons upon activation of metabotropic receptor activity. Zinc (200 µM) and glutamate
(300 µM)-induced responses were monitored in the same preparations. We performed
further trials with cultures pretreated (15 min) with 10 µM YM-254890, a Gq antagonist
(Takasaki et al., 2004; Fig. 1B). We observed a relatively small, but consistent, Ca2+

response following treatment with 200 µM ZnCl2 in rat cortical neurons in culture. Zn2+

induced a relative change in fluorescence (ΔF) of 11.8 ± 3.30 a.u. (arbitrary units; n=7),
which was completely eliminated by YM-254890 (ΔF=−0.067 ± 0.967 a.u.; n=5). By
comparison, glutamate induced a mean ΔF of 41.7 ± 11.5 a.u. (n=7) that was reduced to
11.9 ± 2.77 a.u. (n=5) in the presence of YM-254890 (Fig. 1C). The metabotropic glutamate
receptor antagonist MCPG (500 µM) did not alter Zn2+-mediated Ca2+ responses (ΔF=11.4
± 2.3 a.u.; n=3), while markedly inhibiting glutamate-induced responses (ΔF=18.1 ± 3.4
a.u.; n=3; Fig. 1C). These results suggests that the Zn2+-mediated responses were entirely
mediated by a Gq-protein, and that a substantial component of the glutamate Ca2+ responses
measured in our preparation were likely triggered by activation of group I metabotropic
glutamatergic receptors, which are similarly coupled to Gq proteins (van Dam et al., 2004,
Nicoletti et al., 2011). Our data strongly indicate that rat cortical neurons in culture express a
metabotropic zinc receptor.

Zn2+-induced increase in KCC2 activity in rat cortical neurons
Rat cortical cultures were next loaded with BCECF-AM, a ratiometric pH sensitive
fluorescent dye, and exposed to 5 mM NH4Cl to measure functional KCC2 activity in
neurons. Experiments were performed under control conditions and following a 2 min
exposure to 200 µM ZnCl2 (Fig. 2A). KCC2 transports NH4

+ into neurons, thereby causing
cellular acidification and decreasing BCECF fluorescence (following a transient
alkalynization due passive entry of NH3 into cells (Titz et al., 2006). As such, KCC2 activity
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can be quantified as both the total change in fluorescence or the rate of change (Fig. 2A),
during the NH4Cl treatment. KCC2 activity in control neurons (n=9) resulted in a mean
BCECF ΔF of 26.7 ± 3.15 a.u. and a mean slope of 8.10 ± 0.78 a.u./min. In contrast,
cultures pretreated (2 min) with 200 µM Zn2+ (n=9) had substantially increased KCC2
activity, with a mean BCECF ΔF of 36.9 ± 1.96 a.u. and slope of 10.7 ± 0.54 a.u./min (Figs.
2B, 2C). These results demonstrate that Zn2+ pre-treatment enhances KCC2 activity in
cortical neurons.

Additional cultures were exposed to 13 mM BAPTA-AM, a Ca2+ chelator, to inhibit the
Zn2+-dependent mZnR/GPR39 response. KCC2 activity in cells exposed to BAPTA-AM
alone (n=4) exhibited a mean ΔF of 26.0 ± 1.03 a.u. and a mean slope of 7.62 ± 0.30 a.u./
min, similar to control cells (Figs. 2B, 2C). Zn2+ pre-treatment under these conditions,
however, did not induce an increase in KCC2 activity (ΔF 27.5 ± 1.54 a.u.; slope of 8.16 ±
0.66 a.u./min; n=5; Figs. 2B, 2C), suggesting that the rise in intracellular Ca2+ induced by
Zn2+ is necessary for upregulation of KCC2 activity.

Neurons were then treated with furosemide (100 µM), a KCC2 and NKCC1 (sodium/
potassium/chloride co-transporter 1) inhibitor, or bumetanide (1µM), a NKCC1 inhibitor
(Fig. 2). KCC2 activity in cells exposed to furosemide, either in the absence or presence of a
Zn2+ pretreatment, was nearly completely inhibited (control: ΔF=0.65 ± 3.49 a.u., slope of
−0.30 ± 1.44 a.u./min, n=4; Zn2+: ΔF=1.77 ± 1.60 a.u., slope of 0.36 ± 0.66 a.u./min, n=6).
In contrast, bumetanide-treated cells behaved essentially the same as non-treated cells
(control: ΔF= 22.9 ± 1.91 a.u., slope of 6.66 ± 0.60 a.u./min, n=5; Zn2+: ΔF=33.9 ± 1.42
a.u., slope of 9.6 ± 0.60 a.u./min, n=6). These results confirm that the NH4Cl induced
changes in BCECF fluorescence are mediated by KCC2.

Absence of Zn2+-dependent upregulation of KCC2 in GPR39−/−-derived mouse cortical
neurons

Experiments were next performed on mouse cortical cultures obtained from GPR39−/− (KO)
and wild-type (WT) littermate mice in order to determine whether the Zn2+-triggered Ca2+

responses and effects on KCC2 activity were mediated via activation of the mZnR/GPR39
(Besser et al., 2009, Chorin et al., 2011). In neurons loaded with Fura-2 AM, WT mice
cultures (n=4) showed consistent Ca2+ responses to Zn2+ and glutamate (Figs. 3A, 3B), with
mean ΔF values of 8.8 ± 1.4 a.u. and 24.8 ± 5.4 a.u., respectively, similar to those observed
in rat cultures (Figs. 1B). In contrast, neurons from KO cultures (n=6) showed mean Zn2+

and glutamate ΔF values of −0.5 ± 0.4 a.u. and 17.1 ± 3.4 a.u., respectively. Glutamate
responses were not significantly different between WT and KO cultures, although there was
a trend to decreased responses in KO cells (Fig. 3B). In contrast, Zn2+-induced Ca2+

responses were completely absent in KO cultures, indicating that GPR39 and the mZnR are
likely the same molecule (Chorin et al., 2011).

We next measured KCC2 activity with the BCECF assay (Fig. 3C) and found that WT
neurons had an average ΔF and slope value of 40.6 ± 3.31 a.u. and 10.2 ± 1.32 a.u./min
under control conditions (n=4) and significantly increased values of 73.8 ± 12.3 a.u. and
19.02 ± 3.60 a.u./min when pretreated with Zn2+ (n=4; Fig. 3D). KO cells showed an
average ΔF and slope values of 40.3 ± 2.91 a.u. and 10.8 ± 0.66 a.u./min under control
conditions (n=7), which were essentially identical to WT cells, indicating that the basal
KCC2 activity is similar in these neurons. In distinct contrast to the WT cells, the mean ΔF
and slope values remained unchanged (40.2 ± 4.36 a.u. and 11.4 ± 1.14 a.u./min; n=10)
following Zn2+ treatment (Fig 3D). These results strongly indicate that mZnR/GPR39
activation is responsible for the increase in KCC2 activity following Zn2+ exposure.
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Zn2+-mediated up-regulation of KCC2 is SNARE dependent
In a recent study we observed that activation of the mZnR/GPR39 by Zn2+ in mouse
hippocampal slices led to an increase in the surface expression of KCC2, as determined
following in situ biotinylation labeling of the transporter (Chorin et al., 2011). This
phenomenon could be the result of a stabilization of existing KCC2 molecules at the plasma
membrane (e.g. Lee et al., 2007), an increase in exocytotic insertion of additional
transporters, or a combination of both processes. To distinguish between these possibilities,
we transfected rat cortical neurons with a plasmid encoding botulinum toxin C1 (Botox C1).
This toxin cleaves the SNARE proteins syntaxin 1 and SNAP-25, which are required for
exocytotic insertion of some membrane proteins, including the insertion of potassium
channels following an apoptotic stimulus in cortical neurons in vitro (Pal et al., 2006).

Neurons were transfected with a plasmid encoding Botox C1 or an empty vector, in
combination with a plasmid encoding the marker protein DsRed, used to identify positively
transfected neurons. We have previously demonstrated that there is a 90% probability that
plasmids transfected together will express together in the same neuron (Santos and
Aizenman, 2002). A typical field contained 1–4 positively transfected neurons, out of a total
of ~20 (Fig. 4A). We first ensured that Zn2+-triggered Ca2+ responses remained unchanged
in Botox C1-expressing cells, as this toxin may have affected the normal trafficking of
mZnR/GPR39. Ca2+ responses as a result of either Zn2+ or glutamate treatment, however,
remained unchanged in these cells (Fig. 4B). We then monitored KCC2 activity in neurons
loaded with BCECF; Figures 4C and 4D show representative individual experiments, and
Figures 4E and 4F summarize our results. Neurons transfected with the empty vector under
control conditions (n=6 coverslips) had a mean ΔF=37.6 ± 3.81 a.u. and slope of 9.31 ± 0.78
a.u./min; non-transfected neurons on these same coverslips showed a similar mean ΔF=38.3
± 4.92 a.u. and slope of 9.28 ± 0.48 a.u./min. As expected, following Zn2+ treatment,
neurons transfected with the empty vector (n=9) had an increased mean ΔF=54.5 ± 3.66 a.u.
and slope of 14.3 ± 0.96 a.u./min, and non-transfected neurons of the same coverslips
behaved similarly (ΔF=60.9 ± 5.24 a.u.; slope of 14.5 ± 0.60 a.u./min). These data
demonstrate that the transfection process does not affect either basal or Zn2+-stimulated
KCC2 activity in neurons.

Under control conditions, Botox C1 expressing cells had mean ΔF and slope values (39.4 ±
8.19 a.u. and 9.06 ± 1.80 a.u./min; n=9) that were very similar to the non-transfected cells
on the same coverslips (39.6 ± 5.83 a.u. and 10.0 ± 1.14 a.u./min). This suggests that Botox
C1-sensitive SNARE proteins are not involved in the normal recycling process of KCC2
molecules, which have been reported to undergo rapid turnover with constitutive
endocytosis (Rivera et al., 2004).

Under Zn2+-stimulated conditions however, we observed that Botox C1-expressing cells
lacked the increase in KCC2 activity (34.8 ± 8.97 a.u. and 8.40 ± 1.62 a.u./min; n=9). The
non-transfected cells on the same coverslips showed the expected increase in KCC2 activity
following Zn2+ treatment (61.7 ± 8.03 a.u. and 18.2 ± 2.28 a.u./min). These results strongly
suggest that SNARE proteins cleaved by Botox C1 are necessary for the increased activity
of the co-transporter following activation of mZnR/GPR39.

DISCUSSION
In this study, we have investigated the upregulation of KCC2 activity following mZnR/
GPR39 activation in cortical neurons in culture. Extracellular applications of Zn2+ produced
an increase in intracellular Ca2+ in rat and WT mouse cortical neurons, but failed to do so in
the presence of YM245890, a Gq antagonist (Takasaki et al., 2004), or in neurons obtained
from GPR39−/− mice. These results indicate that the mZnR/GPR39 metabotropic response is
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present in cultured cortical neurons. The rise in intracellular Ca2+ release following Zn2+

stimulation was necessary for the furosemide-sensitive, and bumetanide insensitive, increase
in KCC2 activity. Finally, the up-regulation of KCC2 activity induced by Zn2+ required the
Botox C1-sensitive SNARE proteins. These results indicate that an exocytotic process is
involved in the mZnR/GPR39-dependent upregulation of KCC2 activity. Surprisingly, basal
KCC2 activity in Botox C1-expressing neurons remained unchanged, suggesting that
syntaxin and/or SNAP-25 are not recruited for the recycling process of the co-transporter
under normal conditions (Rivera et al., 2004, Lee et al., 2007).

Regulation of KCC2 activity has been tightly linked to several physiological and
pathophysiological processes. For instance, decreases in KCC2 activity have been associated
with injurious stimuli, including sustained interictal-like activity (Rivera et al., 2002, Rivera
et al., 2004), pilocarpine-induced status epilepticus (Lee et al., 2010), cerebral ischemia
(Jaenisch et al., 2010), and the onset of neuropathic pain (Zhang et al., 2008). Interestingly,
intracellular Zn2+, released from metal binding sites within cells during oxygen glucose
deprivation, also reduces KCC2 activity (Hershfinkel et al., 2009b). A decrease in KCC2
function can be sufficiently severe to render GABA-mediated synaptic potentials excitatory
(Viitanen et al., 2010). On the other hand, a single seizure event in the hippocampus was
recently reported to induce an increase in KCC2 activity, rendering GABA-mediated
inhibition more effective (Khirug et al., 2010).

In general, studies reporting changes in KCC2 activity have had two main features in
common: a) the dependence of the change of transport rate on the activation of a kinase or
phosphatase pathway (e.g. Strange et al., 2000, Rinehart et al., 2009), and b) a change in the
surface expression of the transporter (Rivera et al., 2004). In some instances,
phosphorylation of KCC2 alters its surface expression by internalization, which may be
followed by degradation of the protein. For example, a pilocarpine model of status
epilepticus results in tyrosine phosphorylation of residues Y903 and Y1087 of KCC2, a
process that leads to decreased surface stability and subsequent lysozomal degradation of the
co-transporter (Lee et al., 2010). In contrast, the aforementioned single seizure event in the
hippocampus, induced by the excitotoxin kainate, leads to an increase in the surface
expression of KCC2 by yet to be defined kinase-dependent process (Khirug et al., 2010). On
a similar vein, PKC-dependent phosphorylation of KCC2 at residue S940 was shown to
increase the surface stability of the transporter by decreasing its rate of internalization in
neurons (Lee et al., 2007). This same S940 residue is also the target of protein phosphatase
1, a Ca2+-dependent enzyme that is activated following excitotoxic NMDA receptor
activation, and dephosphorylation of KCC2 via this process leads to increased
internalization (Lee et al., 2011).

Therefore, signaling cascades that lead to enhanced surface expression of KCC2, for the
most part, have demonstrated a stabilization of the transporter in the membrane with
decreased rates of internalization and/or degradation. What is unclear is whether and what
fraction of the internalized KCC2 molecules are normally recycled and reinserted in the cell
membrane. Our results suggest that under normal conditions the SNARE proteins syntaxin
and SNAP-25 are not involved in the recycling of internalized KCC2 molecules. However,
the fact that the enhancement of KCC2 activity following activation of mZnR/GPR39 is
SNARE dependent suggests that a cytoplasmic pool of transporter molecules (Balakrishnan
et al., 2003) can be made available for a differentially regulated exocytotic process
following Zn2+- stimulated Ca2+ signaling.

Increases in intracellular calcium, such as those triggered by mZnR/GPR39 activation, are
well-known signals for regulated SNARE-dependent exocytosis. For example, it has been
demonstrated that vasopressin triggers an intracellular calcium mobilization that is
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associated with exocytotic insertion of aquaporin-2 (Balasubramanian et al., 2008). SNARE-
dependent vesicle fusion has also been shown to regulate the surface expression of
glutamate receptors (Selak et al., 2009; Lau et al., 2010) and H+-ATPase (Banerjee et al.,
2001), among other proteins. Phosphorylation-mediated increases in KCC2 surface
expression have heretofore been shown to be the result of a decrease in internalization rates.
As such, our findings that Zn2+-dependent upregulation of KCC2 activity is blocked by the
expression of Botox C1 point to a previously unreported, SNARE-dependent increased
insertion of the transporter.

KCC2 activity is required for establishing the chloride gradient responsible for GABAA
receptor-mediated synaptic inhibition (Lu et al., 1999, Lee et al., 2005). Consequently,
increases in the surface expression of the co-transporter can lead to pronounced
hyperpolarizing shifts in the GABAA reversal potential (Khirug et al., 2010). Hence, the
upregulation of KCC2 activity by extracellular Zn2+ may be responsible for the previously
suggested anticonvulsant properties of this micronutrient (Goldberg and Sheehy, 1982,
Blasco-Ibanez et al., 2004, Takeda et al., 2005, Ganesh and Janakiraman, 2008). Indeed,
ZnT3 KO mice, which lack synaptically released zinc, exhibit increased susceptibility to
kainate-induced seizures (Cole et al., 2000). Thus, by regulating excitability, mZnR/GPR39
activity can limit neuronal firing and may provide a novel therapeutic target in epilepsy and
related neurological disorders.

• Establish presence of metabotropic zinc receptor (mZnR) in cortical neurons

• Identify the mZnR as the G protein-linked receptor GPR39

• Activation of mZnR/GPR39 leads to enhanced activity of KCC2

• Enhanced KCC2 activity is mediated by a SNARE-dependent process
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Abbreviations

a.u. arbitrary units

BCECF AM 2’,7’-bis-(2-carboxyethyl)-5-(and-6)-carboxyfluorescein acetoxymethyl
ester

DIV days in vitro

DMEM Dulbecco’s modified minimal essential medium

GPR39 G protein-linked receptor 39

HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid)

KCC2 potassium chloride co-transporter 2

mZnR metabotropic zinc receptor

MCPG (RS)-α-Methyl-4-carboxyphenylglycine

SNAP-25 synaptosomal-associated protein 25
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SNARE soluble N-ethylmaleimide-sensitive factor attachment protein receptor

TPEN N,N,N’,N’-tetrakis-(2-pyridalmethyl)-ethylenediamine.
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Figure 1.
Zn2+ induces Gq-mediated Ca2+ signals in cortical neurons without altering intracellular
Zn2+ levels. (A) Average fluorescence change from rat cortical neurons in a single coverslip
loaded with the Zn2+ indicator FluoZin-3 AM. Neurons were subsequently exposed to
200µM ZnCl2 (Zn2+), 200µM ZnCl2 with 5µM pyrithione (Zn2+/Pyr) and 20µM N,N,N’,N’-
tetrakis-(2-pyridalmethyl)-ethylenediamine (TPEN). Inset: mean (± SEM: n=8) changes in
fluorescence relative to baseline (ΔF) for the treatments described above; *** P<0.001
(paired t test) (B) Average fluorescence change from neurons in a single coverslip loaded
with the Ca2+ indicator Fura-2 AM. Cells were treated with 200µM ZnCl2 (Zn2+) and
300µM glutamate (Glu) in the absence or presence of the Gq inhibitor YM-254890 (10µM).
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(C) Mean ΔF Fura-2 values (± SEM) for control (n=7), YM-254890 treated (n=5), and
MCPG (500 µM; n=3) treated-coverslips. The ZnCl2 and glutamate responses were
significantly inhibited by YM-254890; only the glutamate response was inhibited by MCPG;
*P<0.05; **P<0.01 (Kruskal-Wallis/Mann-Whitney).

Saadi et al. Page 14

Neuroscience. Author manuscript; available in PMC 2013 May 17.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
Zn2+ enhances KCC2 co-transporter activity. (A) Average fluorescence change from rat
cortical neurons from single coverslips loaded with the fluorescent pH indicator BCECF.
Signals were obtained from control cells (black), as well as from neurons treated with 200
µM ZnCl2 for 2 min as shown (red). An example of a furosemide (100 µM)-treated
preparation is also shown, as this drug inhibits the KCC2 activity and NH4

+ transport
(green). NH4

+ transport, mediated by KCC2 (mean ± SEM), was quantified by calculating
the slope during intracellular acidification. In addition, the net change in fluorescent signals
(ΔF), as denoted in the figure, was measured. The slopes were calculated from the initial
200 s of acidification phase of the traces (Chorin et al., 2011). KCC2 activity, measured both
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in terms of ΔF (B) and slope (C), under control conditions and following Zn2+, was
determined in cells exposed to vehicle (n’s=9,9), 13 mM BAPTA-AM (n’s=4,5), 100 µM
furosemide (n’s=4,6), or 1 µM bumetanide (n’s=5–6); *P<0.05, **P<0.01, ***P<0.001
(unpaired t-test).
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Figure 3.
GPR39−/− mice lack Zn2+-mediated upregulation of KCC2 activity. (A) Average Fura-2
fluorescence change in cells in single coverslips obtained from wild type (WT; black) and
GPR39 KO (red) mice, treated with both 200 µM ZnCl2 (Zn2+) and 300 µM glutamate (Glu)
Inset: Genotyping results for GPR39−/−, GPR39+/+, and GPR39+/− mice using the
procedures described in Experimental Procedures. (B) Mean ΔF values (± SEM) from WT
(n=4) and KO (n=6) coverslips. KO neurons had essentially no response to Zn2+, but the
response to Glu was not significantly different to WT neuron responses; **P<0.01 (Mann-
Whitney). (C) Average BCECF fluorescence change in WT and KO neurons from single
coverslips pretreated with Zn2+. Inset: Immunoblots denoting similar levels of KCC2 protein
expressed in GPR39+/+ (WT) and GPR39−/− (KO) mouse cortical cultures at the in vitro
stage used for the functional assays in this study; βtubulin III used as a loading control. (D)
NH4

+ transport, mediated by KCC2 activity was measured in terms of both ΔF (black) and
slope (white) for WT (n’s=4,4) and KO (n’s=7,10) coverslips in the absence and presence of
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Zn2+ pretreatment. WT KCC2 activity is significantly increased upon pretreatment with
Zn2+; *P<0.05 (Mann-Whitney).
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Figure 4.
KCC2 activity in botulinum toxin C1 (Botox C1)-expressing neurons. (A) Co-transfection
with a DsRed expressing plasmid was used to locate Botox C1-transfected rat cortical
neurons on coverslips. (B) Mean ΔF Fura-2 values (± SEM) for Ca2+ responses in
untransfected and DsRed/Botox C1-expressing neurons from the same coverslips (n=3)
treated with 200 µM ZnCl2 (Zn2+) and 300 µM glutamate (Glu). Fluorescence change of
transfected (DsRed+ or DSRed/Botox C1+) and untransfected cells from the same coverslip
in the absence (C) and presence (D) of a 2 min Zn2+ pretreatment. KCC2 activity, measured
in terms of both ΔF (E) and slope (F) (mean ± SEM) for empty-vector and Botox C1
transfected rat cortical neuron, along with matched untransfected cells for each condition, in
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the absence and presence of Zn2+ pretreatment (n=6–9 coverslips per group). Zn2+-treated
Botox C1-expressing cells showed significantly lower KCC2 activity when compared to the
untransfected cells from the same coverslip; ***P<0.001 (paired t test).
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